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Abstract 
The need for speed in chromatography has long been a topic of interest and has 
resulted in a number of technological advancements in recent years, particularly with 
the development of sub-2 µm particle packed columns following the advent of Ultra 
High Performance Liquid Chromatography (UHCPLC). In order to use columns 
packed with these small particles, it is necessary to utilise very high pressures to 
drive mobile phase through the column. However, a price paid for using high 
pressures is an increase in the impact of detrimental viscous frictional heating effects. 
An alternative approach for quicker separations on sub-2 µm packed columns is to 
use supercritical fluid chromatography (SFC). SFC has two important advantages 
compared to UHPLC: (1) the supercritical fluid mobile phase has a substantially 
lower viscosity than liquid mobile phases, and (2) CO2 sourced through recycling is 
more environmentally friendly than organic solvents used as components in UHPLC 
mobile phases. SFC, however, has not been readily adopted due to the difficulties in 
using LC predictive equations in the SFC environment. Thus chromatographers 
optimizing the speed of separations are faced with the choice of either HPLC with its 
limitations or SFC with unpredictability.  The work conducted in this thesis explores 
these options in order to gain further insight on these limitations and provide a scope 
for potential directions in the future. 
The chiral separation of D- and L- FMOC amino acids was investigated in 
LC and SFC. The results showed that reversed phase UHPLC had the best separation 
performance, but SFC gave faster separations. However, if separation efficiency in 
UHPLC was sacrificed for speed, runtimes almost equivalent to SFC were obtained. 
The environmental and economic benefits of SFC were, however, superior to 
UHPLC.  
Viscous fictional heating effects in UHPLC were quantified in this project 
with the use of an infrared camera and thermography, which allowed for 
comprehensive visualisation of the thermal gradients in columns in the axial 
direction. This the first time this method has been employed and reveals information 
on the complicated dynamics of heat exchange processes that are not observable 
using point to point methods.  
xviii 
Heating effects using either a gradient method or a constant flow rate were 
also measured. The changing pressure drop over the column as a result of varying 
solvent composition throughout the gradient run lead to not only changes in average 
column temperature, but also in the magnitude of the temperature difference between 
the column inlet and the outlet. Long-term temperature changes were also observed 
throughout a repetition of gradient cycles across a 500-minute period.  
The thermal effects of a column operating under SFC conditions were also 
observed using thermography and highlighted the complicated nature of the 
supercritical mobile phase. While heating due to viscous friction was minimised 
because of the low viscosity of the supercritical solvent, the mobile phase exhibited 
cooling due to adiabatic expansion, which competes with the heating effects. As such 
the direction of the axial temperature gradient in SFC was opposite to that observed 
in UHPLC (i.e. in SFC temperature decreased from inlet to outlet) and highlights 
how different LC is to SFC and the need for further research and development. 
The performance of Active Flow Technology (AFT) columns was examined 
in SFC. AFT showed dramatic improvements in speed and performance in UHPLC 
especially at high flow velocity largely through the elimination of the effects of 
radial heterogeneous flow. The application of AFT in the SFC environment was met 
with a number of challenges most notably the limitations of system hardware to 
monitor and control flow streams exiting the column. Even with limited control 
available using the current system, AFT columns in SFC showed up to a 45% 
improvement in efficiency when peaks were analysed using the second moment 
methods. 
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Chapter 1: Synopsis 
  
2 
1.1 Background to the study 
High Performance Liquid Chromatography (HPLC) has long been a staple in many 
industrial applications and is relied upon heavily for the analysis, separation and 
purification of a number of products [1-4]. As samples have continued to become 
more complex it is important for HPLC to keep up the demands of greater 
performance i.e. resolving power. However, performance is only one side of the 
equation as it is well known in chromatographic circles that any separation is 
possible if given an infinite amount of time. Hence in addition to performance, there 
is also the need for separations to be completed in a reasonable amount of time [5-8].  
The concept of a “reasonable amount of time”, however, has decreased 
significantly as the years have progressed and the demands for higher throughput 
have increased. Extending to the point that when possible sacrifices in performance 
are accepted in the interest of reducing analysis time. Therefore, although 
performance is still an import aspect of HPLC, phenomena that potentially limit 
performance gains are often ignored in the pursuit and development of faster 
separation technologies and techniques. 
For example, a well-established way of improving separation speed and 
performance in HPLC has been through the reduction of particle size[9, 10]. 
However, while separation speed and performance do increase with decreasing 
particle size, each step towards smaller and smaller particles also comes with the cost 
of increasing operating pressures, which grows disproportionately to the gains in 
efficiency[11]. The limitation of performance gains could be attributed to the 
formation of unwanted temperature gradients within the column in both the radial 
and axial directions due to viscous frictional heating that escalates with increasing 
pressures. This concept has been known for decades and has been shown to effect 
many facets of separation performance such as column efficiency, retention time and 
selectivity.  [12-15]. Despite this, the push for smaller particles and higher pressures 
continue to develop in the interest of gaining speed. However, with the recent 
development of sub-2 μ m particles and Ultra High Performance Liquid 
Chromatography (UHPLC) systems that are capable of operating over 1000 bar these 
viscous frictional heating effects have become harder to ignore[16-21]. These effects 
are explored in greater detail in Chapter 2 particularly section 2.6.  
3 
In order to minimise these thermal affects the use of Supercritical Fluid 
Chromatography (SFC) was considered. The main advantage is that the mobile phase 
comprised of mostly supercritical carbon dioxide (CO2), which has a significantly 
lower viscosity than traditional liquid solvents and allows for even higher flow rates 
at reduced pressure drops [8]. Additionally, SFC is considered to be a green 
alternative to LC separations and potentially minimises the cost and consumption of 
traditional solvents [22, 23].   However, while there are a number of benefits of the 
potential use of SFC over HPLC, the well-defined nature of Liquid Chromatography 
(LC) does not always apply to the SFC environment. Hence the uptake in 
mainstream applications has been slow compared to the relatively quick acceptance 
UHPLC methods [24-26]. 
1.2 The research problem 
The pursuit of faster chromatographic analysis in LC has led to the development of 
sub-2 μm particles and higher pressures with the adoption of UHPLC in recent 
years. Due its successful uptake trends towards even smaller particles and higher 
pressures have persisted. While the potential for faster and better performing 
separations is possible through theses means, they are limited by the already 
significant effects of viscous fractional heating. SFC appears to be an attractive 
alternative due to the lower viscosity of the mobile phase and lower environmental 
impact. However, the major challenge with its uptake is its unpredictability 
compared to the defined nature of LC. As such, users are often deterred when 
marketed expectations do not meet reality. Speed conscious chromatographers are 
therefore at a crossroads when it comes to the faster separations and is faced with the 
choice of the well-defined road of LC that is becoming more limited by the effects of 
viscous friction and the unpredictable road of SFC where limitations are minimised 
at the risk of becoming lost in the SFC environment. 
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1.3 The research aims 
The aims of this thesis were to: 
• Provide first hand data examining the limitations of the established LC 
method and the potential advantages of SFC in order to explore the roads 
towards faster chromatography and highlight the challenges faced when 
choosing either the path of LC or SFC. (Chapter 3) 
• Develop a protocol using thermal imaging that will allow for more 
compressive thermal analysis of operating chromatography columns and to 
apply this protocol to a number on LC and SFC conditions. The objective 
being to provide greater detail on the thermal consequences of developments 
towards smaller particles and higher pressures in LC and to see whether they 
are negated when utilising a less viscous super critical fluid as a mobile phase 
in SFC. (Chapter 4, 5, 6 and 7) 
• Utilise and develop the use of Active Flow Technology in the SFC 
environment in order to continue the development of faster and higher 
performing SFC techniques and provide direction for future development and 
understanding. (Chapter 8) 
For specific details of these chapters refer to section 1.4. 
1.4 Chapter overview 
Chapter 2 provides an overview of the chromatographic landscape with regards to 
the development of faster chromatographic technologies and techniques. As well as 
highlighting the limitation of these developments and potential avenues that have 
been explored in the mitigation or elimination of these limits. 
 
Chapter 3 is the first experimental chapter and compares LC to SFC through the 
chiral separation of D- and L- FMOC-amino acids. Comparisons and evaluations are 
made on selectivity, resolution, speed, economic cost and environmental impact. 
 
  
5 
Chapter 4 is an experimental chapter that develops the protocol for the use of an 
infrared camera to monitor the effects of viscous frictional heating and explores the 
role of viscosity in the generation of axial temperature gradients in an UHPLC 
column.  
 
Chapter 5 investigates the formation of axial thermal gradients in an UHPLC 
column with different solvent types and varying compositions with water under 
isocratic conditions. 
 
Chapter 6 observers the short and long-term thermal changes within an UHPLC 
column operating under continuously repeated gradient elution at a constant flow 
rate and assesses the thermal consequences of high throughput gradient methods. 
 
Chapter 7 is an experimental chapter that observes the thermal effects of a column 
operating under SFC conditions as a function of varying parameters such as flow rate, 
pre and post column temperature and backpressure. 
 
Chapter 8 investigates the application of Active Flow Technology columns in an 
SFC environment assessing the potential possibilities and system limitations. 
 
Chapter 9 is a summary of the above chapters and provides a conclusion to this 
thesis. 
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Chapter 2: Introduction 
  
7 
2.1 The need for high throughput in HPLC 
Since the inception of High Performance Liquid Chromatography (HPLC) in the 
1960s, HPLC has become indispensable and is heavily relied upon in almost every 
scientific industry for separation, analysis and purification [1-4, 27]. However, 
analysts and regulatory authorities continually strive to seek more information from 
separation techniques and often from lower quantities of sample. There is an ever-
increasing demand for greater separation power, and also to reduce the time to 
achieve higher performance. Hence there is an emphasis within the industry to 
develop high performance separations at high speed and high throughput [7, 8, 21, 
28-31]. These objectives can only be met if the components associated with the 
process of analysis in HPLC systems are optimised i.e. the pumps, the injector, the 
HPLC column and the analyte detector. Subsequently, the modern era of HPLC has 
dedicated a great deal of effort to ensure that this is the case, or perhaps rather, it will 
soon be the case.  
2.2 The drive to smaller particles  
The reduction in particle size in HPLC columns is perhaps the most well-known 
method for increasing performance and speed of a HPLC separation [10, 17, 31-35].   
Column performance is often quantified using a parameter referred to as the Height 
Equivalent to a Theoretical Plate (HETP) where a decrease in plate height equates to 
greater performance according to Equations 2.1 and 2.2.  
𝐻 =
𝐿
𝑁
         (2.1) 
𝑁 =
𝑡𝑟
2
𝜎2
        (2.2) 
Where H is the HETP, L is the length of the column, N is the number of theoretical 
plates,  is the standard deviation of the eluting sample distribution and tr is the 
retention time of the analyte. As particle size decreases, surface area of the particles 
increases so retention time increases, and the standard deviation of the sample 
population decreases, and hence the number of theoretical plates increases. This 
provides two benefits: (1) for a constant sample load, a decrease in standard 
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deviation of the sample population results in an increase in the height of the 
population, hence sensitivity increases, and (2) since N also increases as particle size 
decreases, separation power increases. Thus, the column length can be decreased in 
order to facilitate faster separations at an equivalent separation power. However, 
there are limitations to this approach. Namely, separation power is directly 
proportional to the length of the column, and approximately inversely proportional to 
the square of the particle size. Furthermore, pressure is directly proportional to the 
column length but inversely proportional to the square of the particle size.  
While the solution to gaining separation power may appear to be simply 
decreasing the particle size, the cost for doing so is that the pressure of the system 
rapidly increases and simply decreasing the column length to compensate does not 
solve the problem. Thus eventually the problem arises as particle size is reduced – 
the HPLC system is required to operate at ever-increasing levels of pressure. The 
restriction to this is the engineering of the HPLC system itself has structural 
limitations – materials and strength etc., and also, forcing fluids through columns 
tightly packed with small particles generates heat. Heat also influences the transport 
of solutes through stationary phase media as retention and separation are governed 
by the laws of thermodynamics.  
Another important consideration for maximizing separation efficiency is that 
as the standard deviation of the sample population decreases, greater care must be 
paid to decreasing the dead volume of all components; otherwise, the separation 
power of the column is lost through extra column band broadening. Fortunately for 
the author of this thesis, all these factors associated with the limitations for HPLC 
have been thoroughly discussed by Guiochon [11] and the reader is referred to this 
landmark publication.  
Simplistically, the HETP of a given column can be described by the van Deemter 
Equation:  
𝐻 = 𝐴𝑑𝑝 +  
𝐵𝐷M
𝑢
+
𝐶𝑑𝑝
2𝑢
𝐷𝑀
      (2.3) 
Where dp is the particle diameter, DM is the molecular diffusivity and u is the linear 
mobile phase velocity [36, 37]. The terms A, B and C are constants defined as the 
path length of the analyte traveling through the column (eddy diffusion), the rate the 
analyte diffuses across the column length (longitudinal diffusion) and the rate of 
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transfer of the analyte between the mobile phase and the stationary phase (mass 
transfer) respectively. From Equation 2.3 it is clear that efficiency is also a function 
of the linear velocity of the mobile phase. Hence, for very small particle sizes, the 
‘best’ performance cannot be achieved because it is not possible for these columns to 
be run at the maximum flow rate and maximum pressure. Indeed, H will be at 
minimum when the dH/Du = zero, hence efficiency is maximised if the mobile flow 
velocity, 𝑢𝑜𝑝𝑡 is given by: 
𝑢𝑜𝑝𝑡 = 
𝐷𝑀
𝑑𝑝
√
𝐵
𝐶
        (2.4)  
Substituting equation 2.4 into 2.3, the HETP at optimum velocity is obtained by: 
𝐻𝑚𝑖𝑛 = 𝑑𝑝(𝐴 + √𝐵𝐶)      (2.5) 
From Equation 2.4, decreasing the particle size increases the optimal flow rate, and 
this, in turn, will decrease the analysis time, but at the expense of increased pressure 
and heat generation. 
A new era in HPLC was developed in the 2000s, and this was referred to as 
Ultra-High Performance Liquid Chromatography or UHPLC where columns had 
particle packings within the sub-2 μm range, some reaching as low as 2.3 μm in 
diameter [18, 38]. While the advantage of these columns from a separation 
performance is clear, there are major operational limitations, most pertinent is the 
limitation associated with pressure, the requirement to minimise system dead volume 
and the need to manage viscous frictional heating.  
2.3 Ultra high performance liquid chromatography  
Even before the use of sub-2 μm particles in chromatographic columns, it was 
known that there was a need for development or optimization of system hardware. At 
the sub-3 μm range, HPLC instrumentation struggled with limitations in operating 
pressures and the extra column contributions [39]. As such in order to take advantage 
of the benefits of these smaller particle size columns, development of a completely 
new instrumentation was required [29, 40]. Jorgensen pioneered the concept of 
working at extremely high pressures in liquid chromatography in 1997 prototyping 
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systems able to operate at pressures as high as 7200 bar using capillary type columns 
packed with 1 - 1.5 μm silica particles [41, 42]. This was first commercialised by 
Waters in 2004 under the trademark Ultra Performance Liquid Chromatography 
(UPLC) [10, 19], but since then the industry has adopted the term Ultra High 
Performance Liquid Chromatography (UHPLC). This system and the many that 
would follow were able to operate at pressures well above the typical HPLC system 
with some system being able to achieve pressure as high as 1400 bar thus allowing 
the use of these sub-2 μm columns. In addition to being able to operate at high 
pressure, these systems have significantly reduced internal volumes to limit the 
contribution of system void volume to band broadening. This reduction was not only 
achieved by the reduction in the connecting tubing length and internal diameter but 
also with the reduction in the void volume contribution of the individual components 
if the system, which include the injector, column oven and detector [29].  
These improvements to system hardware have allowed the benefits of smaller 
particles to be exploited allowing some isocratic methods to break through the sub-
minute barrier [43] and has paved the way for fast gradient analysis, which is 
hindered by the challenges of system hardware limitations dealing with system void 
volume, gradient delay and flush out volume [6, 44]. The obvious downside to 
UHPLC instrumentation is that no part of existing HPLC hardware can be utilised 
and an entire dedicated system must be obtained in order to realise these benefits, 
which can be a significant investment. Thankfully it is possible to modify existing 
HPLC methods into UHPLC methods [45, 46]. This is seen as a great advantage in 
the pharmaceutical industry as only a partial validation of the method is required if 
the selectivity of the method remains constant [20, 47]. As such much attention has 
been paid to the development of UHPLC in the past decade and the number of 
published UHPLC applications has risen dramatically [30].  
2.4 Core-shell particles 
Along with the development of sub-2 μm particles in recent years, there has also 
been a modification of the morphology of the particles, perhaps most significant is 
the superficially porous particles or core-shell particles (CSPs). These particles have 
a solid non-porous inner core that is surrounded by a porous outer layer and is the 
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modernised version of the pellicular particle developed in the 1960s [48]. Nowadays 
they have gained attention because they can be made readily in a variety of particle 
sizes, even as small as 1.3 μm [38, 49]. The major advantage of columns packed 
with CSP is that they can be operated at higher flow rates, maintaining their 
efficiency, and hence a larger CSP can provide the same separation power as a 
smaller fully porous particle, but do so at lower pressure. In one example a sub-3 μ
m CSP column was able to perform at the same speed and performance as a sub-2 μ
m fully porous particle (FPP), (effectively this equates to around a 2.5 fold decrease 
in operating pressure, which meant the CSP packed column could be used on a 
standard HPLC system [50-52]. As such the number of column manufacturers 
offering CSP columns with a number of particle sizes, formats and chemistries have 
dramatically increased over the last few years[53].   
There are a number of hypotheses to why CSP columns perform better than 
their FPPs counterparts, which mostly revolve around changes to the A, and B terms 
in the van Demeter equation (Equation 2.3), however, discussion on this aspect of 
separations is beyond the scope of the present research and the reader is referred to 
excellent reviews by Guiochon, Fekete and Wang [53-55]. In addition to the 
modifications to the diffusion constants in the van Demeter equation, CSFs have 
better thermal conductivities than FPPs and this allows for better heat dissipation and 
a reduction in radial thermal gradients generated during operation at high pressures 
[56, 57]. It should be noted that while there a number benefits to the CSPs there are 
also a number of caveats to their use. For example, there are arguments to suggest 
that they have less loadability due to a reduction of phase material and a reduction in 
column void volume [58], which can lead to losses in performance associated with 
the difficulty of minimising system void volume. 
2.5 CSP and UHPLC 
Given the benefits of the use of CSPs in HPLC a large amount of attention has been 
paid to exploit these benefits in the UHPLC environment with the development of 
sub-2 μm CSPs. Studies have shown improvements in performance up to 50% 
compared to the FPP counterparts, and a 20% gain in speed due to the reduction of 
particle size from sub-3 μm to sub-2 μm CSPs [35, 52, 59]. At present the optimal 
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particle size for CSPs in UHPLC is at around 1.6 -1.7 μm, which when packed into 
a column 50 mm in length and 2.1 mm in internal diameter can produce up to 19,000 
plates[60]. CSPs have also been developed as small as 1.3 μm, which when packed 
into the same column (50 × 2.1 mm) have shown plate counts up to 25,000. However, 
due to the restriction in column permeability of these 1.3 μm particles, they are 
difficult to operate at the optimum velocity [38, 49]. Hence there is the need to 
increase the available pressure of the UHPLC system.   If this is possible, the 
questions that must be asked are: 
a) how much heat is generated due to viscous frictional heating, and what is 
the effects on the retention and broadening of a solute band?, and 
b) will the gains in performance outweighed by the losses associated with 
heat and extra column band broadening? 
2.6 Viscous frictional heating 
Operating at high pressures may increase the temperature of the column due to 
viscous friction [61, 62]. The generation of heat through viscous friction is not a new 
concept and has been considered as far back as 1975 [63], nor is it a phenomenon 
that is specific to the use of sub-2 µm particles in UHPLC, with viscous heating 
being observed in columns with particles as large as 5 µm under HPLC conditions 
[13]. Poppe in 1980 suggested that “the prospects of HPLC with particles well below 
5 µm do not look very promising, because of thermal effects” [13]. Regardless of 
these predictions, there is a persistent drive within the industry to develop column 
technologies with ever decreasing particle sizes, and ignore the consequences of the 
heat generation associated with the viscous frictional heating. 
The nature and effect of these thermal gradients on chromatographic 
parameters have been understood for at least a decade with work conducted by 
Villiers and Gritti [14, 16]. With regard to the generation of thermal gradients within 
the column two problems can occur; (1) a radial temperature gradient is generated 
across the radial cross-section of the column with the highest temperature observed 
in the radial centre of the column, decreasing closer to the wall, and (2) an axial 
temperature gradient is generated with the temperature increasing from the inlet to 
the outlet.  
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If the column is well thermostated (e.g. placed in a water bath) radial 
temperature gradients are more significant than axial gradients and occur due to the 
differences in heat exchange rates across the column. The wall of the column, where 
the particles are in direct contact with the stainless steel tube, is able to dissipate heat 
to the surroundings at a faster rate than at the radial centre. As such, the local 
temperature at the wall of the column is lower than at the radial centre. The increase 
in temperature at the radial centre of the column reduces mobile phase viscosity 
resulting is an increase in velocity compared to the wall [13]. Sample bands will, 
therefore, propagate faster in the radial central region of the column leading to 
differential rates of solute migration and a severe loss in efficiency, as with any other 
process that is exposed to radial heterogeneities [11]. Furthermore, the local increase 
in heat in the radial centre of the column reduces the absorption of analytes onto the 
stationary phase causing an additional increase in velocity through the radial central 
region of the bed, which is in addition to the increase in velocity associated with the 
reduced solvent viscosity. This, however, will seldom affect the retention of the 
solute but more decrease the efficiency [64]. 
If the column is operated under adiabatic conditions (e.g. placed in a still air 
oven), the formation of axial temperature gradients maybe more significant, with an 
increase temperature from inlet to the outlet [13, 63]. The formation of temperature 
gradients in the axial direction has been shown to cause shifts in retention and 
selectivity, particularly for protein separation where changes in temperature can 
affect analyte structural conformation leading to changes in stationary phase 
interaction [64, 65]. Axial temperature gradients are considered to have less impact 
on column efficiency compared to the radial direction, because the band is not 
distorted, but the volume of the band nevertheless expands as the leading edge is 
always migrating in a solvent at an elevated temperature compared to the trailing 
edge – effectively the reverse scenario to solvent gradient elution. Hence there is still 
a loss of efficiency, but the loss in performance is less significant compared to the 
loss observed when radial distortions are apparent. As a consequence, it may be 
deemed more appropriate to operate the column under adiabatic conditions to 
minimise radial distortions. However, it is noted that true adiabatic conditions are 
seldom achieved in HPLC[63] and the formation of an axial temperature gradient is 
likely to still occur, although to a lesser extent [15]. 
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2.7 Supercritical fluid chromatography 
The use of a supercritical fluid as the mobile phase is by no means a novel idea and 
was considered as far back as the 1960s [66-71]. Due to the nature of the mobile 
phase, it is often considered as the bridge between Liquid Chromatography (LC) and 
Gas Chromatography (GC) [72-74]. Although the concept of supercritical fluid 
chromatography (SFC) is as old if not older than HPLC, the use and development of 
the technique were hindered due to the lack of sufficient technology to produce 
systems that were able to operate easily and reliably, as such SFC was restricted to 
niche applications. However, with the limitations of operating with smaller particles 
and higher pressure becoming more significant, the use of supercritical fluids as a 
mobile phase has gained more attention in recent years. In addition, the advances in 
HPLC and UHPLC technology, such as minimised dead volumes, the ability to 
reliably operate at high pressures and advancements in backpressure regulation 
technology have produced easy to operate reproducible SFC systems[24-26, 75-80]. 
The revival of the use of supercritical fluids in chromatography perhaps 
comes from the work associated with the use of High Temperature Liquid 
Chromatography (HTLC). In such separations, the temperature of the mobile phase 
was raised to between 60°C and 200°C, which ultimately lowers mobile phase 
viscosity, improves diffusion coefficients and allows for separations to be done at 
high speed with lower pressure drops [81, 82]. This method, although effective in 
improving both speed and performance capabilities, had a number drawbacks mainly 
the need for stationary phases that were able to work at this temperature, and also the 
stability of the sample at such temperatures [83, 84]. SFC therefore then appears to 
be a promising alternative as the low viscosity and high diffusion of supercritical 
mobile phases allows the benefits of HTLC without the need for extremely high 
temperature.  
Work conducted by Grand-Guillaume Perrenoud et al. [85] evaluated the 
performance of SFC using tradition HPLC columns and UHPLC columns, and this 
was called Ultra Performance SFC (UPSFC). Their work indicated that that SFC 
compared to HPLC had the same reduced minimum plate height for a column packed 
with 3.5 µm particles, however, the optimum velocity of SFC was approximately 
four times higher than in HPLC. In the comparison of UPSFC and UHPLC, UPSFC 
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had slightly larger reduced place heights than UHPLC when using a column packed 
with 1.7 µm particles, however, still lower than HPLC and SFC and again showed a 
four-fold increase in the optimum velocity compared to UHPLC. This highlights the 
potential of the development of UPSFC application in the pursuit of faster high 
performing analysis.   
In addition to the ability to operate at much higher optimum velocities, since 
the bulk of the mobile phase in SFC is made up of supercritical CO2, which is 
sourced as a byproduct of other industrial processes, it is considered a carbon neutral, 
environmentally friendly alternative mobile phase [22, 23]. As such the popularity of 
SFC as a separation system has increased in recent years, which has been 
supplemented by the number of a SFC systems made available by various 
manufacturers along with a selection of SFC specific columns that complement the 
already wide range of HPLC and UHPLC columns that can be also be utilised [86]. 
However unlike the transition from HPLC to UHPLC where methods could be easily 
transferred to obtain the benefits of UHPLC, the same cannot be said for the transfer 
from the liquid phase methods to the supercritical phase. In fact, SFC has been 
referred to the rubbery variant of LC [24] where the established rules that define the 
separation in LC cannot be used as a predictive tool in SFC. As such the greatest 
hurdle that is involved with the adoption of SFC into mainstream applications is the 
learning curve associated with its use and the challenges that end users face when 
marketed expectations do not meet with reality [24-26, 80]. In part, this thesis 
explores some of the aspects of this rubbery road. 
2.8 Active flow technology columns  
Active Flow Technology (AFT) columns are a recent and unique column design that 
has been shown to greatly improve separation performance through the elimination 
of solvent band broadening due to heterogeneous radial flow [87-94]. It is well 
known that influences, such as, wall effects, column bed heterogeneity and radial 
thermal gradients formed by viscous frictional heating, all of which contribute to 
heterogeneous radial flow, generally causes solvent near the wall to flow slower than 
at the radial centre of the column[15, 95-100]. As such solvent bands do not travel 
down the column as thin discs, but rather in bowl shape profiles where the bulk of 
the concentration of solute can be found in the leading centre portion of the band 
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[101]. At the point of detection, this registers as an asymmetrical peak where the 
tailing region is the solute eluting from the region of stationary phase near the 
column wall [98-101]. Therefore it was reasoned that separating the central portion 
of the band from the portion near the wall would yield more efficient separation 
performance. In AFT columns this is achieved by using specially designed frits and 
end fittings that allow for the central outlet flow of the column to be segmented from 
the flow occurring near the column wall. The frit design contains a solid peak ring 
that separates the central and outer portions of the frit, which is then housed in an 
end fitting designed with multiple exit points; a central port to capture flow 
originating from the centre and one or multiple peripheral ports to capture flow 
originating from around the wall. The ratio of exiting flow between the ports can be 
controlled by manipulating the pressure drop across them and is defined as the 
segmentation ratio, for example in a scenario where 20% of the total flow exiting the 
radial central exit port of the column is considered as a 20% segmentation ratio. 
Further design details and operational procedures can be found in work published by 
Shalliker et al [87-94, 102-104].  
2.9 Concluding remarks 
From the information gathered above it is clear that the pursuit of ever faster and 
high performing analysis in HPLC has given way to a number of new technologies 
and techniques. All aspects of the HPLC method have been considered for 
improvement from column and packing technologies, system hardware, mobile 
phase and even the manner in which solvent bands reach the detector. However, the 
space for further improvements in these areas, particularly through the reduction of 
particle size and increasing system pressure is quickly dwindling as the effects of 
viscous frictional heating severely impact performance. The lower viscosity of the 
supercritical mobile phase in SFC may help elevate the strains of increasing system 
pressure requirements however, the inability to utilise established HPLC/ UHPLC 
methods due the nature of the supercritical mobile phase prevents its quick adoption 
and into mainstream applications. As such speed conscious chromatographers are 
faced with two potential options, either continuing with established HPLC/ UHPLC 
practices that are becoming more and more impacted by the effects viscous frictional 
heating or the unfamiliar and unpredictable environment of SFC. This aim of this 
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thesis is, therefore, to investigate these two options in further detail providing a 
“stepping off point” for future practices and developments in the pursuit of faster 
chromatography.   
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Chapter 3: Comparing the selectivity 
and chiral separation of D- and L- 
FMOC amino acids in HPLC and SFC; 
evaluating speed versus resolution, 
economic and environmental impact 
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3.1 Introduction 
Current trends in HPLC have gravitated towards developing faster, more economical 
and greener separations all whilst maintaining current standards in separation 
performance [5, 7, 8, 10, 28, 29, 31, 43].  This has led to the development of sub-2 
µm and core-shell technologies that have allowed users to utilise shorter columns, 
enabling faster analyses, minimising solvent consumption, all while maintaining 
separation performance [34, 38, 40, 53, 55, 60, 105, 106]. However, one could argue 
that the point of diminishing returns has been effectively reached with current 
commercially available UHPLC instruments, as the system limitations seriously 
reduce gains that could be achieved on high efficiency, small volume columns [18, 
19, 21, 30, 39, 54, 107]. One of these limitations is the large pressures that are 
required to achieve flow through these small format columns. While manufacturers 
are making great advances in providing higher pressures, it comes at a cost to 
column performance since heat generation from frictional forces between the mobile 
and stationary phases can greatly decay separation performance [14, 16, 61, 65, 108].  
The solution it seems may not lie in the advancement of instrumental design 
or column technology, but perhaps a change in the state of the mobile phase, in the 
utilisation of SFC. The advantages of course for adopting SFC are obvious: The main 
component of the mobile phase is supercritical CO2, which has a much lower 
viscosity than liquid solvents and can, therefore, enable higher flow velocities with 
smaller pressure drops [8, 77, 85]. Hence smaller particle size columns can 
potentially be utilised more effectively than in LC systems. Furthermore, 
supercritical CO2 is a naturally occurring gas that is also easily sourced as a bi-
product from many industrial processes, and as a mobile phase is readily recoverable 
and recycled [22, 23].   
The use of a supercritical fluid as a mobile phase is not a new concept in the 
field of separations and SFC has been on the periphery of the separations industry for 
40 years or more, but the uptake of the technique is slow in mainstream applications 
due to the difficulty of optimising SFC separations [24, 26, 75, 80].Much of the 
behaviour that describes separations in HPLC cannot be directly translated to SFC, 
and there is a general lack of understanding that the rigid equations defining HPLC 
processes do not apply to SFC. Thus, for SFC to become a mainstream technique 
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there needs to be a significant investigation of theory, instrumentation and even 
column stationary phase development for optimisation of separations.   
The choice between liquid and supercritical mobile phases is perhaps most 
argued in the area of chiral separations, where the predictable nature of HPLC is met 
with the high-speed and economic and environmental benefits of SFC. In this chapter 
the chiral separation of Fluorenylmethyloxycarbonyl chloride (FMOC) protected 
amino acids is undertaken in both HPLC and SFC, providing a comparison and 
assessment of: (1) the current standing of separation and selectivity in SFC in 
relation to tradition HPLC techniques, (2) the potential and the limitations of high 
speed analysis and high throughput in HPLC and SFC at cost of resolution and (3) 
the economic and environmental benefit of the use of supercritical solvent. The aim 
of which is to provide a real-world context of the two roads to faster chromatography.  
3.2 Method 
3.2.1 Chemicals and reagents  
HPLC grade heptane, acetonitrile and methanol were purchased from VWR 
(Tingalpa, QLD, Australia) and HPLC grade isopropanol from Burdick & Jackson. 
supplied by Chem Supply (Gillman, SA, Australia). MilliQ water was obtained in-
house at a resistance of 18.2 MΩ cm and filtered through a 0.2 µm Teflon filter 
(Millipore Australia Pty Ltd, North Ryde, NSW, Australia). Food grade carbon 
dioxide for SFC separations was purchased from Coregas (Yenorra, NSW, Australia). 
Formic acid additive was purchased from Sigma Aldrich (Castle Hill, NSW, 
Australia). FMOC amino acids: Fmoc-Ala-OH, Fmoc-Asp(OtBu)-OH, Fmoc-
Glu(OtBu)-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Met-OH, 
Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Ser(OtBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-
Trp(Boc)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH were purchased as individual D- 
and L- enantiomers from Bachem (Torrance, CA, USA). 
3.2.2 Columns  
Lux 3 µm Cellulose-1 columns (250 × 4.6 mm) were purchased from Phenomenex 
Australia (Lane Cove West, NSW, Australia). Separate columns were used for each 
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separation mode (i.e. NPHPLC, RPHPLC and SFC) so as to avoid column damage in 
the change from one mode to the other.  
3.2.3 Instrumentation 
Normal Phase High Performance Liquid Chromatography (NPHPLC) was conducted 
using a Waters system that consisted of a M6000 dual piston pump operating with a 
600 control unit. The mobile phase was degassed online using a Degassex DG-4400 
degassing unit from Phenomenex.  Samples were injected manually using a 6-port, 2-
position switching value with a 5 µL loop. UV-Vis detection was implemented using 
a Shimadzu UV-Vis detector (SPD-10A) monitoring 245 nm. Data was collected 
using Clarity data collection software. 
 
Reversed Phase Performance Liquid Chromatography (RPHPLC) separations were 
conducted on an Agilent 1290 Infinity LC system using and 1290 pump with 
degasser (64220A).  Samples were injected (5 µL) using a 1290 sampler (G4226A) 
and UV-Vis detection was conducted using a 1290 DAD (G4212A) monitoring 254 
nm. Data was collected using Chemstation software. 
 
Supercritical Fluid Chromatography (SFC) was performed on an Agilent 1260 
Infinity Analytical SFC System, utilising a Fusion A5 (G4301A) SFC system and a 
HPLC-SFC binary pump (G4302A). Samples were injected using the SFC 
Autosampler (G4303A) and temperature was controlled pre and post column using 
an Agilent Column compartment (G1316C). An Agilent DAD UV-detector 
(G1313C) was also used monitoring 254 nm. Data was collected using Chemstation 
software. 
3.2.4 Sample preparation  
Individual L- and D- enantiomers were dissolved in isopropanol at 700 mg/mL and 
500 mg/mL concentrations respectively. A 200 µL aliquot was taken from both 
samples, combined and made up 2 mL with isopropanol to create a mixture of both 
L- and D- enantiomers with a combined concentration of 1.2 g/mL. 
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3.2.5  Method   
NPHPLC separations were conducted at a flow rate of 1 mL/min using an 80:20 
composition of 50% water saturated heptane and isopropanol with 0.1% (by volume) 
formic acid. Samples were injected manually using a 5 µL loop and all sample 
injections were done in duplicate. 
 
RPHPLC separations were conducted at a flow rate of 1 mL/min using a 70:30 
composition acetonitrile (MeCN) and MilliQ water with either 0.1% or 2% (by 
volume) formic acid added to both, as specified in the relevant text. All sample 
injections were done in duplicate. 
 
SFC separations were performed at a flow rate of 3 mL/min using a 60:40 
composition of supercritical CO2 and methanol (MeOH) with 0.1% or 2% (by 
volume) formic acid, as specified in the relevant text. System backpressure and 
temperature were controlled at values that gave the best enantiomeric separation and 
the most reproducible results. An overview of the conditions for each amino acid 
used is given in Table 3.1. Separated peaks were identified as either the L- or D- 
enantiomer by comparing peak area to relative concentration. 
Table 3.1: SFC system temperature and back pressure parameters per FMOC 
amino acid. 
Compound Temperature (°C) Back Pressure  (bar) 
 
Fmoc-DL-Ala-OH 
 
25 120 
Fmoc-DL-Asp(OtBu)-OH 
 
25 100 
Fmoc-DL-Glu(OtBu)-OH 
 
25 100 
Fmoc-DL-Ile-OH 
 
35 100 
Fmoc-DL-Leu-OH 
 
20 100 
Fmoc-DL-Lys(Boc)-OH 
 
25 120 
Fmoc-DL-Met-OH 
 
25 100 
Continued on the next page 
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Table 3.1 – continued from the previous page 
Compound Temperature (°C) Back Pressure  (bar) 
 
Fmoc-DL-Phe-OH 
 
25 100 
 
Fmoc-DL-Pro-OH 
 
25 100 
Fmoc-DL-Ser(OtBu)-OH 
 
25 120 
Fmoc-DL-Thr(tBu)-OH 
 
25 120 
Fmoc-DL-Trp(Boc)-OH 
 
25 120 
Fmoc-DL-Tyr(tBu)-OH 
 
25 100 
Fmoc-DL-Val-OH 
 
25 100 
3.3 Results and discussion 
3.3.1  Separation and selectivity  
SFC offers the flexibility to be used in both normal phase and reverse phase modes, a 
factor governed by the nature of the stationary phase. That is, the system is 
considered to be reversed phase if the stationary phase is non-polar and normal phase 
if the stationary phase is polar. The Lux column used in this study has both polar and 
non-polar properties and depending upon the polarity of the solvent, either the polar 
or non-polar properties of the stationary phase dominate the retention process.  
The first assessment of separation performance was based on the selectivity of the 
FMOC amino acids in the three different separation environments: NPHPLC, 
RPHPLC and SFC. The histogram illustrated in Figure 3.1 compares the selectivity 
factors (α) between the D- and L- enantiomers for each of the FMOC-amino acids. 
From the data in Figure 3.1, it is apparent that the RPHPLC system overall offered 
the greatest selectivity between the enantiomeric pairs, out-performing both 
NPHPLC and SFC in almost all cases except for the enantiomers of proline and 
tyrosine. In the case of proline, NPHPLC and SFC both gave a significantly greater 
degree of separation than compared to RPHPLC. SFC overall provided less 
separation between enantiomers than RPHPLC and was more comparable to 
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NPHPLC separations however with the added benefit of being a greener alternative 
to NP. 
 
 
Figure 3.1: Comparison of separation factors (α) between D- and L- FMOC 
amino acids in NPHPLC, RPHPLC and SFC separation mode. 
 
In order to provide a quantitative assessment of the selectivity differences 
measured for these amino acids using NPHPLC, RPHPLC or SFC, a Geometric 
Approach to Factor Analysis (GAFA) was used. This technique has been used on 
several occasions prior to assess selectivity differences between different modes of 
HPLC [109]. In short, the GAFA is easily implemented to provide both visual and 
quantitative measures of separation differences between sets of chromatographic data, 
where effectively each set of data represents a separation vector. If these separation 
vectors are different, the result is manifested in a measure of the separation angle 
(β) between the vectors. The larger the separation angle, the greater the difference, 
ultimately reaching 90° degrees whereby they are as different as is possible, and they 
are therefore orthogonal. Figure 3.2(a, b and c) are normalised retention plots of all 
FMOC amino acids offering a comparison between combinations of the three 
separation systems. The normalised retention plots were obtained using equation 3.1; 
 
𝑡𝑟𝑁 =  
𝑡𝑟𝑖−𝑡𝑟0
𝑡𝑟𝑓−𝑡𝑟0
        (3.1) 
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Where trN is the calculated normalised retention value, trf is the retention time of the 
last eluting component in the sample set, tr0 is  the retention time of the first 
component in the data set and tri is the retention time of the component of interest 
within the sample set. Figure 3.2a compares SFC to RPHPLC, Figure 3.2b compares 
SFC to NPHPLC and Figure 3.2c compares NPHPLC to RPHPLC. These plots allow 
simple visualisation of the global retention differences between each system 
combination.  The degree of scattering reflects the difference between the two 
systems (i.e. the higher the degree of scattering the more different the two systems). 
Evaluating firstly the plot shown in Figure 3.2a  (SFC v RPHPLC) it is apparent that 
for the weakly retained FMOC AAs there is a substantial degree of scattering, but as 
the retention increases in both systems, there is a tendency for the data to be aligned 
more-or-less along the main diagonal. This suggests a reasonable degree of 
correlation for the strongly retained species and less correlation for the weakly 
retained. In contrast, in the comparison between SFC and NPHPLC, Figure 3.2b, the 
weakly retained FMOC AAs displayed a very high degree of correlation with the 
alignment of the retention data along the main diagonal, but as retention increased so 
did the degree of scattering and the systems were effectively very different.  
In effect, the RPHPLC and the NPHPLC were offering the opposite retention 
correlation to the SFC system, and this is not surprising.  Hence, the scatter plot in 
Figure 3.2c, which contrasts RPHPLC against NPHPLC, reveals visually, the highest 
degree of scattering amongst the three system comparisons, with almost no 
discernible alignment of data along the main diagonal. This suggests that SFC is not 
strictly operating as a normal phase system, or as a reversed phase system, but carries 
characteristics of both separation modes.  In order therefore to quantify these 
differences a GAFA was implemented. 
Two important outcomes from the GAFA analysis are the measure of 
divergence in the angles of the separation vectors, specifically, the spreading angle, 
β, and the % utilisation of the separation space that is contained between these two 
vectors. The spreading angle and the % utilisation of the separation space for various 
combinations are given in Table 3.1. The data is divided into sets that offer combined 
information based on the pooled retention of both L- and D- enantiomers, and then 
separately, as the L- and then the D- enantiomer individually.  
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  a) 
b) 
c) 
Figure 3.2: Normalised retention plot of all amino acids comparing a) RPHPLC 
and SFC, b) NPHPLC and SFC and c) RPHPLC and NPHPLC. 
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From the data in Table 3.1, it is apparent that the spreading angle between SFC and 
NPHPLC, and SFC and RPHPLC are similar, irrespective of whether the pooled 
retention data is used as the measure, or whether each enantiomeric isomer is 
evaluated individually. For example, using the pooled data set, the spreading angle is 
a moderate 36° for SFC vs. NPHPLC and 33° for SFC vs. RPHPLC. When 
evaluating only the L- enantiomer, the spreading increased slightly to 43° for SFC vs. 
NPHPLC and 41° for SFC vs. RPHPLC indicating a decrease in the degree of 
correlation. There was, however, an increase in the degree of correlation between 
SFC and RPHPLC when the retention data for the D- enantiomers was compared, 
with β decreasing to 27°, but there was almost no change relative to the combined 
data set when the retention data for the D- enantiomer was compared for the SFC v 
NPHPLC, staying at 35°.  In contrast, the GAFA revealed quite substantial 
differences in retention processes for the RPHPLC v NPHPLC, and this was the case 
for the pooled data set or when the individual L- or D- enantiomers were evaluated 
separately. Typically the spreading angle was in the order of 57° to 73°, the latter 
case being for the L- enantiomers, and this represents systems that are almost 
orthogonal to each other, and not surprisingly the % utilisation of the separation 
space was 85%. Therefore the initial conclusion regarding the retention process of 
SFC relative to HPLC is that the SFC environment provides similarities to both NP 
and RP environments, despite, the mobile phase being very non-polar, akin perhaps 
to the NP environment more so the RP.  
Table 3.2: GAFA results comparing all FMOC amino acids, all L- enantiomers 
and all D- enantiomers in SFC vs. NPHPLC, SFC vs. RPHPLC and NPHPLC vs. 
RPHPLC. 
System β (ᵒ) % Utilisation 
SFC vs NPHPLC 36.32 49.53 
SFC vs RPHPLC 33.60 46.52 
NPHPLC vs RPHPLC 62.74 75.82 
SFC vs NPHPLC (L-) 42.65 56.27 
SFC vs RPHPLC (L-) 40.58 54.11 
NPHPLC vs RPHPLC (L-) 73.00 85.09 
SFC vs NPHPLC (D-) 34.50 47.53 
SFC vs RPHPLC (D-) 26.72 38.53 
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3.3.2 Resolution and separation speed 
The main goal of a chiral separation is to obtain a sufficient resolution between the 
two enantiomers, with baseline resolution occurring when the resolution value is 1.5 
or greater. Selectivity has a significant effect on the resolution. With that in mind, it 
is not surprising that the resolution bar graph shown in Figure 3.3 shows substantial 
similarity to Figure 3.1. That is, the RPHPLC system yielded the best resolution 
between the two enantiomers.  Moreover, all amino acids with the exception of 
proline and leucine were baseline resolved. SFC although not as good as the 
RPHPLC system outperformed the NPHPLC system in almost all cases except for 
methionine and proline. SFC was, however, able to baseline resolve most amino 
acids with the exception of Asp, Glu, Leu and Met.  
 
 
Figure 3.3: Comparison of resolution (Rs) between D- and L- FMOC amino acids 
in NPHPLC, RPHPLC and SFC separation mode. 
 
Achieving adequate resolution is only one factor for optimising modern day 
chiral separations. Speed in the separation is another aspect that warrants 
consideration. With this in mind, the speed of the separations was evaluated and this 
data is shown in Figure 3.4. From Figure 3.4, it is apparent that the separations in the 
NPHPLC mode required the longest period, and at the same time, generally (with 
few exceptions) yielded the lowest degree of resolution (based on the plots in Figure 
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3.3). Generally, run times were 1.5 - 7 times longer than RPHPLC and 5 -10 times 
longer than SFC. Due to the lengthy run times in NPHPLC it was decided that 
comparisons from this point onward would only be made between RPHPLC and SFC. 
When comparing the run time of the separations in SFC mode to RPHPLC 
mode, it was apparent that SFC was about 1.5 to 4 times faster than RPHPLC. 
However, this is partly due to the fact that in Figure 3.4 the SFC was operated at 3 
mL/min, while the RPHPLC mode was at 1 mL/min. Given the generally superior 
resolution in the RPHPLC mode compared to the SFC mode and the fact that these 
experiments in the RPHPLC mode were not undertaken at maximum pressure, there 
was an opportunity to trade resolution for speed and still maintain baseline resolution. 
Therefore flow rate in the RPHPLC mode was increased such that the pressure limit 
of the column (Pmax) was reached. For the Lux column, the pressure limit is 600 bar, 
and at that pressure, for the RPHPLC mobile phase utilised here, the flow rate 
achievable was 2 mL/min.  
 
 
 
Figure 3.4: Comparison of run times separating D- and L- FMOC amino acids in 
NPHPLC, RPHPLC and SFC separation mode. 
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 The plot in Figure 3.5 offers a comparison between the resolution values 
obtained in the RPHPLC mode at 1 mL/min and at 2 mL/min (i.e., maximum 
through-put) and the SFC mode at 3 mL/min. As expected running at the higher flow 
rates nearing Pmax reduced the resolution between enantiomeric pairs as efficiency is 
decreased. However, all enantiomers were still baseline resolved with the exception 
of Proline and Leucine, which consequently co-eluted. Moreover, even though 
resolution values decreased while running at Pmax the performance of the RPHPLC 
mode was generally higher than the SFC mode.  
Further comparison is offered in the plot shown in Figure 3.6, which 
compares the run times between the RPHPLC mode at 1 mL/min, SFC at 3 mL/min 
and RPHPLC at Pmax, i.e., 2 mL/min. Under the conditions of the RPHPLC mode 
operating at Pmax, the runtimes were comparable to the SFC mode, and it would be 
difficult to argue the advantage of SFC over that of RPHPLC, given greater 
resolution in RPHPLC in almost all cases. However, this result does not spell the end 
of the road for SFC as there is still potential for further improvements in resolution.  
 
 
Figure 3.5: Comparison of resolution (Rs) between D- and L- FMOC amino acids 
in RPHPLC, SFC and RPHPLC at Pmax. 
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Figure 3.6: Comparison of run times when separating of D- and L- FMOC amino 
acids in RPHPLC, SFC and RPHPLC at Pmax. 
 
The SFC mobile phase used here was supercritical CO2 modified with MeOH, 
containing a 0.1% v/v formic acid (FA) additive. Studies have shown that increasing 
the concentration of the acidic additive can improve chiral resolution [110, 111]. 
Therefore the composition of formic acid was increased to 2% in MeOH, and the 
effect on resolution was retested. The data in Figure 3.7 contrasts the resolution 
values obtained in RPHPLC mode to SFC using 0.1% formic acid and SFC using 2% 
formic acid. The histogram clearly shows that the increase in formic acid 
concentration greatly improved the resolution between enantiomeric pairs; with most 
cases showing close to double the resolution. The only exception to this was Proline 
that suffered a minor loss in resolution. However, when the resolution of Proline in 
SFC using 2% formic acid was compared the resolution in RPHPLC, SFC still 
substantially outperformed RHPLC. Consequently, the resolution values obtained 
using the SFC mode with 2% formic acid in MeOH, were very similar to the 
RPHPLC mode operated at Pmax – there were some higher resolution values and 
some lower resolution values, but in all cases, the resolution was greater than 1.5. 
Reflecting on the gains in resolution that 2% formic acid yielded for the SFC system, 
the measure of selectivity was re-evaluated.  
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Figure 3.7: Comparison of resolution (Rs) between D- and L- FMOC amino acids 
in RPHPLC and SFC and SFC using 2% formic acid modifier. 
 
The data in Figure 3.8 revealed that the selectivity factors were in all cases improved, 
and in several instances, more than doubled. From this, it is apparent that the 
addition of formic acid enhanced the enantiomeric selectivity of all amino acids in 
this study thereby improving the resolution. This raised the question as to whether 
the same results were observable in the RPHPLC environment. Therefore the 
separations of the FMOC AAs were retested in the RPHPLC separation, but with 2% 
formic acid added to both the MeCN and water. No appreciable effect on resolution 
was observed (data not shown). This result is somewhat expected in RPHPLC, as the 
pH change from 0.1% to 2% formic acid is not substantial enough to have a 
considerable effect on ionisation state of the sample at the given sample volume and 
concentration. Considering that this not the case in SFC suggests that the role of the 
modifier/s and additives in the SFC mobile phase has a significant impact on 
selectivity that is otherwise not seen in the RPHPLC. 
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Figure 3.8: Comparison of separation (α) factors between D- and L- FMOC 
amino acids in SFC and SFC utilising 2% formic acid. 
 
As a consequence of the increased resolution associated with the increase in formic 
acid concentration in the SFC mode, the analysis time was also reduced, with the 
exception of Proline. This data is shown in Figure 3.9. Hence, the increase in acid 
concentration increased resolution without sacrificing throughput. 
Another way to visualise through-put comparisons between the SFC and 
RPHPLC modes of operation is to consider the resolution per unit time. Figure 3.10 
compares the resolution/minute for each of the systems, specifically RPHPLC at 1 
mL/min, RPHPLC at 2 mL/min (Pmax) SFC (0.1% formic acid), and SFC (2% formic 
acid). These values were obtained by dividing the resolution by the run time, defined 
according to the most strongly retained enantiomer for each enantiomeric pair. 
Effectively this indicates which system yielded the greatest resolution in the shortest 
period of time. SFC with 2% formic acid was clearly the highest performing system. 
These results further highlight the potential of SFC to meet the demands of high 
performance with high throughput. 
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Figure 3.9: Comparison of run times when separating of D- and L- FMOC amino 
acids in SFC and SFC utilising 2% formic acid. 
 
 
 
Figure 3.10: Comparison of resolution per minute (Rs/min) in the separation of D- 
and L- FMOC amino acids in RPHPLC, SFC, RPHPLC at Pmax and SFC utilising 2% 
formic acid. 
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The challenge faced by chromatographers with the regards to choice between 
RPHPLC and SFC separation methods in this study is perhaps best represented by 
the chromatograms of the separation of Fmoc-DL-Ala-OH in RPHPLC, SFC, 
RPHPLC at Pmax and SFC utilising 2% formic acid seen in Figure 3.11. Focusing on 
the red and green plots representing the separations achieved in RPHPLC and SFC 
respectively, we can see that while the RPHPLC achieves the greatest separation 
between the enantiomers, SFC achieves baseline separation at nearly half the 
separation time. The reduced separation time in SFC compared to RPHPLC however 
is simply due to SFC operating at 3 times the flow rate of RPHPLC. The purple plot 
represents the separation achieved by RPHPLC at Pmax, where the flow rate is double 
that of RPHPLC. In this scenario by simply increasing the flow rate we are able to 
achieve a separation time that is near equal to that of SFC with an even greater 
separation between enantiomers. Operating at the pressure maximum of the column 
however means that further improvements with regards to runtime is limited. The 
plot in yellow represents the separation achieved in SFC using 2% formic acid, and 
not only do we see an improvement in resolution compared to the original SFC 
separation but also a reduction in runtime. Replicating these conditions in RPHPLC 
however yielded no significant improvement in resolution and runtime (data not 
shown), which speaks to the unpredictable nature of SFC. The reduced viscosity of 
the SFC mobile phase however means that limitations imposed on the RPHPLC with 
regards to increasing flow rate to reduce run time is not as significant and 
improvements can still be made. 
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Figure 3.11: Chromatograms for the chiral separation of Fmoc-DL-Ala-OH in 
RPHPLC, SFC, RPHPLC @ Pmax and SFC 2% utilising 2% formic acid 
 
3.3.4 Solvent consumption, cost and environment  
Although SFC displayed the greatest resolution and through-put it cannot be ignored 
that the SFC mode operates with a flow rate that was 1.5 times faster than RPHPLC 
at Pmax, and 3 times the flow rate of the RPHPLC mode at 1 mL/min, meaning within 
a given period of time SFC may use three times the amount of solvent than RPHPLC. 
Run times that were achieved in SFC were less than in RPHPLC, but in order to 
justify the solvent consumption run times need to be at least 3 times faster than 
RPHPLC in order to negate the excess solvent consumption.  
The data in Figure 3.11 shows that although SFC with 2% formic acid is able 
to achieve a faster run time than RPHPLC, the solvent consumption in RPHPLC was 
in many instances lower than in SFC. Although for some amino acids the separations 
in the SFC mode consumed less solvent than the RPHPLC mode, the first impression 
indicates that the outcome did not clearly favour one system over the other.  
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Figure 3.12: Comparison of mobile phase consumption (mL) per separation of D- 
and L- FMOC amino acids in RPHPLC and SFC utilising 2% formic acid 
 
However, if you evaluate the outcome cumulatively for the entire set of the FMOC 
AAs the total solvent consumed in the SFC mode was higher than that in the 
RPHPLC mode (195.3 mL to 176.7 mL). Further evaluation is therefore warranted to 
assess benefits or otherwise of SFC against RPHPLC. To do this the relative 
‘consumable’ cost for the separations and the environmental impact with regards to 
waste management were evaluated.  
In RPHPLC a composition of MeCN and water (70:30) was used compared 
to SFC, which used supercritical CO2 and MeOH (60:40). When evaluating 
consumable cost, the organic components of both systems were considered as the 
most expensive and also the most environmentally damaging solvents. Taking this 
into account the separation in RPHPLC then used 123.68 mL of MeCN while SFC 
only used 78.11 mL of MeOH. This comparison heavily favours SFC as it shows a 
reduction in the use of potentially toxic organic solvent, additionally, it highlights the 
potential for minimising the consumable costs in SFC separations, which is 
compounded by the fact that MeOH is typically cheaper than MeCN.  
The argument can be made that the use of supercritical CO2 in SFC 
contributes to the concentration of greenhouse gases to the atmosphere and global 
warming. However, since commercial CO2 is collected as an unavoidable by-product 
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from large scale chemical production or biological processes, which would otherwise 
be vented to the atmosphere, the use of CO2 in SFC does not contribute to what 
would already potentially be present. Moreover, because supercritical CO2 returns to 
a gaseous state after its use, separating the CO2 from the liquid modifier/s and 
analytes is simple, and thus the CO2 is readily recyclable, which can further reduce 
costs. Recycling CO2 also reduces the environmental impact that is associated with 
waste management, traditional HPLC solvent waste is collected and either disposed 
of by incineration or recycled through distillation, processes, which both require 
energy. SFC utilising an organic modifier is not completely exempt from this process, 
however, since the bulk of the mobile phase is composed of supercritical CO2 
organic solvent waste is significantly reduced.  
In order to obtain quantifiable data on the differences in waste management 
between SFC and RPHPLC use of a simulation program “Ecosolvent” was 
implemented [112]. This program is able to simulate and compare the management 
of multi composition waste by either distillation or incineration via a number of 
different metrics. In this simulation, the composition of waste solvent in both 
RPHPLC and SFC by weight was inputted. For RPHPLC this meant the weight of 
MeCN and water was given, where MeCN was the recovered solvent in the 
distillation process. In SFC only the weight of MeOH was considered, as CO2 is not 
recovered as a waste component. The weights used in both cases were equivalent to 
running all amino acids in their respective separation modes 100 times and the 
following metrics were considered; Global Warming Potential (GWP, CO2-
equivalents), Cumulative Energy Demand (CED, MJ-equivalents) and Total CO2 (T 
CO2, CO2-Kg). The results of the simulation are expressed in Table 3.2. Considering 
the nature of the waste produced by each system it should be no surprise the SFC 
outperformed RPHPLC in terms of energy used and environmental impact of waste 
management. RPHPLC not only had to deal with more collected waste than SFC per 
batch of amino acids separated but also the recovery of MeCN via distillation or total 
incineration is more difficult with the presence of water; requiring large amounts of 
energy for water removal. For instance, RPHPLC produces 2.26 times more waste by 
volume than SFC, but distillation of RHPLC waste will produce up to 2.90 times 
more CO2 and require 2.64 times more energy.  Moreover, in SFC, total incineration 
of waste (MeOH) requires less energy and produces less CO2 than distillation, which 
is the opposite case in RPHPLC. This equates to 5.3 times less energy required and 
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up to 6 times less CO2 production in SFC compared to RPHPLC, meaning you get 6 
times the reduction in energy costs and CO2 production from only a 2.26 times 
reduction in waste. 
Table 3.3: Results of Eco solvent simulations comparing the impact of waste 
management techniques (distillation vs. incineration) between RPHPLC and SFC 
utilising 2% formic acid. 
 RPHPLC SFC 
Metric Distillation Incineration Distillation Incineration 
GWP 
(CO2-equivalents) 
 
22.32 36.12 7.70 6.12 
CED 
(MJ-equivalents) 
 
341.41 612.44 129.29 114.78 
T CO2 
(CO2-Kg) 
 
21.75 34.852 7.38 5.79 
 
 
3.4 Concluding remarks 
Within the context of this chapter the work shown here compared the selectivity of 
NPHPLC, RPHPLC and SFC in the chiral separation of FMOC-amino acids. SFC in 
terms of selectivity between enantiomers was more closely related to NHPLC, 
however, in terms of global retention, SFC behaves as a sort of middle ground 
between RPHPLC and NPHPLC.  
Chromatographic performance on the basis of resolution and throughput 
between RPHPLC and SFC was compared. The results indicating that RPHPLC gave 
the best resolution overall, however, SFC being able to operate at higher flow rates 
with minimum pressure drop yielded the fastest analysis times. The superior 
resolving power of RPHPLC, however, allowed for the sacrifice of resolution in the 
interest of gaining speed, the results in the end raising the question of the apparent 
advantages of SFC. Increasing the concentration of formic acid additive in the 
mobile phase in SFC mode, however, yielded comparable resolutions to RPHPLC 
and even faster run times, highlighting both the potential gains in the use of 
supercritical mobile phases as well as its unpredictability. Moreover, it was 
concluded that since the bulk of the SFC mobile phase is comprised of supercritical 
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CO2 there was a significant reduction in liquid solvent consumption and by extension, 
lower consumable costs and environmental impact with regards to toxicity and waste 
management.   
Within the broader context of this thesis, this work sets the stage for the two 
potential roads towards faster chromatography. One at the very limits of pressure and 
velocity in HPLC/UHPLC and the other across the phase boundary in relatively 
unknown regions SFC.  
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Chapter 4: The visualisation of axial 
temperature gradients in ultra high 
performance liquid chromatography 
using an infrared camera  
42 
4.1 Introduction 
One of the potential roads towards faster chromatography may be through the 
utilisation of the high pressures and velocities in UHPLC modes of operation. One of 
the drawbacks, however, of operating near the pressure limits of columns and 
UHPLC systems in general is the generation of heat and thermals gradients within 
the column due to viscous friction [12, 13, 16, 62, 108]. Other problems with this 
mode of operation relate to the general wear and tear of the UHPLC system and the 
decrease in life expectancy of the HPLC column, however, these latter two aspects 
are beyond the scope of this particular study. 
With regard to the generation of thermal gradients two problems can occur; 
(1) a radial temperature gradient is generated across the radial cross section of the 
column with the highest temperature observed in the radial centre of the column, 
decreasing closer to the wall, and (2) an axial temperature gradient is generated with 
the temperature increasing from the inlet to the outlet [12, 13]. Both of which can 
have serious consequences on chromatographic performance [14, 61, 64, 65].  
The measurement of temperature gradients in operating HPLC and UHPLC 
columns has been conducted in a number of ways. Commonly the use of multiple 
probes is employed taking temperature measurements via direct contact with either 
the mobile phase or the external wall of the column [13, 15, 16]. Such methods allow 
for some information to be gained about the temperature profiles of an operating 
column, but the information is limited to the number of measurement points 
available.  
In this chapter thermography and thermal imaging were used to obtain 
comprehensive information relating to axial temperature profiles in chromatography 
columns. There are a number of aspects of thermal imaging that make it an attractive 
method for the measurement of axial temperature gradients in HPLC and UHPLC 
columns. First, it is non-destructive, requiring no physical contact with the column, 
removing the issue of having to physically attach multiple thermal couples to the 
column. Secondly, temperature measurements can be made with a high degree of 
precision - the camera used in this study being able to detect temperature changes as 
low as 0.04ᵒC. Finally and perhaps most importantly, temperature measurements can 
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be done quickly, and evaluations of axial temperature gradients can be performed in 
real time[113].  
The aim of this chapter is to provide information on the formation of axial 
temperature gradients along a column using infrared cameras, to visualise and assess 
the dynamic heat exchange processes of a column running under high pressure and to 
compare the thermal gradients of three different eluents varying in viscosity.  
4.2 Background 
4.2.1 Thermal imaging basics 
The process of obtaining meaningful data derived from thermal imaging with an 
Infrared (IR) camera necessitates an understanding of the concepts in thermal 
imaging. Any substance at a temperature above absolute zero (0 K, -273.16ᵒC) will 
vibrate at a molecular level; this causes molecules within the substance to collide 
resulting in the release of photons. When the temperature of a substance increases so 
too does the degree of vibration resulting in a greater number of collisions - meaning 
a greater emission of photons. The heat transfer from the release of these photons is 
known as thermal or IR radiation. A thermal camera is able to obtain “apparent 
temperature” measurements of an object without direct contact by focusing IR 
radiation from an object on to a microbolometer array changing its temperature, and 
electrical resistance. This resistance change is measured and assigned a temperature 
value from a previously defined calibration.  Each microbolometer in the array 
represents a pixel in the resulting thermal image so an array of 320 × 240 
microbolometers will yield a 320 × 240 pixel image. Full radiometric images can be 
produced, meaning that each individual pixel in the image will have an assigned 
temperature value. Therefore a thermal image of a column at a resolution of 320 × 
240, in which the column length is spanned entirely across its length (320 pixels) 
would be equivalent to having 320 thermocouples attached along the length of the 
column. It is important to consider, however, that most objects do not just emit IR 
radiation and are able to reflect and transmit IR radiation either separately or 
simultaneously from other sources.  Thermal cameras are unable to differentiate 
between emitted, reflected and transmitted radiation and only record the bulk IR 
radiation coming from the object. As a result, measured apparent temperature values 
44 
can vary significantly from the true temperature of the object, consequently reflected 
and transmitted radiation must be minimised or accounted for in these measurements 
[114]. 
4.2.2 Emissivity 
Emissivity is a term that describes the radiation efficiency of an object compared to 
an “idealised black body”, which is a physical object that is able to absorb all 
incident radiation regardless of frequency and angle of incidence and then re-emits it 
uniformly in all directions [115]. Since 100% of the radiation coming from this 
object is emitted it is considered to have emissivity value of 1. Every day objects, 
however, do not behave like idealised black bodies as radiation can also be 
transmitted, reflected as well as absorbed. Since only a fraction of the total radiation 
coming from every day objects is emitted, they have emissivity values of less than 1. 
Let consider an object that has an emissivity value of 0.95, here 95% of the bulk 
radiation from this object would emitted whilst the remaining 5% would be either 
reflected, transmitted or both. Knowing the emissivity of an object allows more 
accurate temperature measurements via thermography as it helps an IR camera 
differentiate the emitted radiation of the object from the total radiation observed [116, 
117]. It should be noted however, that while knowing the emissivity of an object can 
greatly improve the accuracy of thermal measurements, objects with very low 
emissivity are still be very difficult to properly measure [116-119]. Objects that have 
a flat finish or a roughened surface tend to have a higher emissivity value than 
objects with a glossy, metallic or smooth surface. This presents a problem as the 
UHPLC columns are constructed from stainless steel and therefore have a low 
emissivity. Stainless steel is opaque when visualised in the IR region so transmitted 
IR radiation can be ignored, however, reflected IR radiation from the metallic surface 
is detrimental to obtaining true temperature measurements. Reflected IR radiation 
can increase or decrease the apparent temperature of an object depending on the 
temperature of the reflected source. Fortunately, covering or coating the object with a 
substance of high emissivity easily rectifies this problem [116, 117, 119]. 
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4.3 Method 
4.3.1 Chemicals and reagents 
HPLC grade, acetonitrile and methanol were purchased from VWR (Tingalpa, QLD, 
Australia) and HPLC grade isopropanol from Burdick & Jackson. supplied by Chem 
Supply (Gillman, SA, Australia).  
4.3.2 Columns 
A Kinetex 1.3 µm C18 100Å LC column (50 × 2.1 mm) was purchased from 
Phenomenex Australia (Lane Cove West, NSW, Australia). 
4.3.3 Instrumentation 
Thermal images were acquired using a FLIR T420 High Performance Infrared 
Camera purchased from FLIR Systems Australia (Baulkham Hills, NSW, Australia). 
Solvent was transported through the column using a Dionex Ultimate 3000 UHPLC 
system with an RS Pump, Auto Sampler and Diode Array Detector provided by 
Thermo Fisher Scientific (North Ryde, NSW, Australia).  
4.3.4 Column preparation  
In order to obtain usable thermal data from the stainless steel surface, the column 
was coated with a material that not only has a high emissivity but can also be applied 
thinly and uniformly across the entire surface. This was achieved by spray-painting 
the column with a flat white paint; two coats were applied. The surface of the column 
was then carefully smoothed with a light abrasive to remove any raised artefacts. 
4.3.5 Measuring emissivity 
Although coating the column with a flat white paint increases the emissivity of the 
stainless steel surface, the exact emissivity of the paint needs to be determined. This 
value is entered into the camera or thermal imaging analysis software during 
calibration. Emissivity values can either be sourced from an emissivity table or in the 
case of this study determined experimentally as shown in Figure 4.1. Here a stainless 
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steel vessel was coated with a thin layer of flat white spray paint, boiling water was 
added to the vessel and stirred using a stir bar and magnetic stirrer. The temperature 
of the water was monitored by a digital temperature probe while the thermal camera 
was focused at the vessel to obtain apparent temperature measurements of the 
painted stainless steel surface. After the images were collected, Research IR software 
was used to calibrate the temperatures. The emissivity of the paint was calculated to 
be 0.95.  
 
Figure 4.1: Experimental set up for emissivity determination of flat white paint. 
 
4.3.6 Thermal imaging set up  
The experimental set up for this study is outlined in Figure 4.2 where the instrument 
flow path follows a typical UHPLC system i.e. solvent reservoir → pump →injector 
→ column → detector. This study focused only on measuring the generation of heat 
in the column due to the passing of solvent through the stationary phase, so no 
injections were done and thus no detection was required. It would seem then that the 
inclusion of the injector and detector is superfluous, however, they were included to 
match the conditions in which a HPLC/UHPLC column is operated. Additionally, 
these components are likely to provide a degree of resistance and back pressure 
(although small compared to the column), which has an effect on the potential 
maximum flow velocity achievable through the column.  
While painting the surface of the column increased the emissivity it is still 
not a perfect emitter, meaning there is still a potential for the reflection of IR 
radiation from other sources. To mitigate this during the image collection process the 
column was placed inside a cardboard box with an opening on one side to allow 
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viewing of the column with the thermal camera, the interior was also painted with a 
flat black paint. Encapsulating the column shaded it from outside sources of IR 
radiation whilst the black painted interior minimised reflection of IR radiation of the 
interior walls originating from the opening of the box. The camera was placed at the 
minimum distance required to obtain a completely focused, full shot of the column 
(~30 cm) and the whole column compartment and camera were then covered by a 
black blanket to block all outside sources of light. 
 
Figure 4.2: Experiment set up for use of a thermal camera to measure the degree 
of viscous frictional heating. 
 
4.3.7 Method 
Flow rate step method  
The mobile phase was pumped through the column at increasing flow rates in a 
stepwise fashion (8 individual steps) to achieve maximum flow at the predefined 
maximum pressure. The size of each step was dependent on the maximum flow rate 
achievable at the designated maximum pressure - larger steps being required for less 
viscous solvents. The determination of maximum flow rate and step size is detailed 
below. Each flow rate was held for 5 minutes before increasing to the next.  
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Max flow rate and step determination  
Maximum flow rates were determined by slowly increasing mobile phase flow up 
until the designated Pmax was reached (13000 psi). The maximum flow was then 
divided into eight equal incremental steps and used in the flow rate step-up method. 
Although this process only occurs over a relatively short period of time, consistent 
temperature changes for the column were observed.  
Image capture process 
The thermal camera was operated in time-lapse mode recording an image every 15 
seconds where the first was taken 3 seconds into the run. For analysis of data 
presented in this chapter, the temperature was measured from the last image before 
the flow rate was stepped to the next increment of flow. This was effectively a 
temperature reading every 20 frames. 
Thermal data processing 
Collected thermal images were imported to a computer and processed by Research 
IR software where they were visualised and Regions of Interest (ROI) were defined 
for temperature measurements. The image in Figure 4.3 is an example of a thermal 
image that was obtained by using the thermal camera and outlines the regions of 
interest that were considered in this study. Visualisation of temperature changes is 
seen through the transition of colour from dark to light with increasing temperature, 
specifically from purple to red to yellow to white. Quantitative measurements are 
possible through the definition of ROIs on the thermal image seen in Figure 4.3. 
There are three profile lines positioned through the centre of the column: (1) 
spanning the total length of the columns (TL) defined as the start of the dotted line 
on the left hand side to the end of the dotted line on the right hand side, (2) spanning 
the “exposed” length of column (EL) in between the end fittings shown as the solid 
line and (3) spanning the actual column length (CL) as defined by the manufacture 
and is seen as the area between the start of the dashed line on the left hand side to 
end of the dashed line on the right hand side. The start and end points the TL and EL 
profile lines are relatively simple to define as these areas are easily seen on the image, 
however, since there is no distinct feature indicating the start end points of CL some 
extrapolation was done. To define CL the actual lengths of TL and EL were 
measured, in this case being 77 mm and 33 mm respectively. These lengths were 
then compared to the pixel lengths of the drawn lines of TL and EL to determine a 
pixel/mm value for the image, from which a line corresponding to a length of 50 mm 
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was drawn and placed into position. In addition to these ROIs lines there were also 
four points where spot measurements were taken, seen as either a circle or an 
arrowhead in Figure 4.3. These points encompass an area of nine pixels where 
temperature measurements were taken as the average over the nine points. These 
points of interest were placed at the start/end points of EL (E.In and E.Out 
respectively) and the start and end point of CL (In and Out respectively). 
 
 
 
 
 
4.4 Results and discussion 
4.4.1 Visualising thermal gradients in HPLC/ UHPLC columns with 
a thermal camera 
Figure 4.4 is a plot of the temperature across the three line ROIs at different flow 
rates of 100% MeOH. The plots indicate that with an increasing flow rate there was 
an increase in column temperature differential (from inlet to outlet). Moreover, with 
each incremental increase in flow rate, there was an increase in the minimum 
temperature observed, meaning that each increase in flow rate adds heat to the entire 
system. The profiles remained relatively flat up until 0.2 mL/min, steepened in the 
gradient differential from 0.3 mL/min and increasing in steepness with further 
increases in flow rate. This suggests if the rate of heat generated is less than the rate 
dissipated then overall the temperature of the column will not change. Conversely, if 
the rate of heating is greater than the rate of heat dissipation then overall the 
TL 
CL 
EL 
In E.In Out E.Out 
Figure 4.3: Regions of interest on a thermal image 
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temperature of the column will increase, and there will be a temperature gradient, 
increasing from inlet to outlet, steepening with increasing flow rate. 
-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
26
28
30
32
34
36
38
40
42
CL
TL
0.1 mL/min
0.0 mL/min
0.2 mL/min
0.3 mL/min
0.4 mL/min
0.5 mL/min
0.6 mL/min
0.7 mL/min
T
em
p
er
at
u
re
 (
o
C
)
Postion (mm)
0.8 mL/min
EL
 
Figure 4.4: Temperature profiles of column length at varying flow rate for 100% 
MeOH, indicating regions of interest TL, EL and CL. 
 
The results obtained herein also gives insight into the potential role of column design 
and architecture in the dissipation of generated heat.  Paying attention to the 
maximum flow (0.8 mL/min) rate plot line in Figure 4.4 we can see across TL there 
appears to be a sudden increase in temperature just after the 20 mm position 
corresponding to the transition from the column end fitting to the column tube. The 
temperature then increases steadily over the length of EL, flattening towards the end 
of EL before dropping slightly at the transition point from column to end fitting. The 
profile of just the packed column length CL, in conjunction with the other profiles, 
demonstrates the differences in heat dissipation between the column tube and the end 
fittings. The sudden decrease in temperature at the transition from column tube to 
end fitting can be considered a result of the extra amount of stainless steel masking 
the heat generated by the moving mobile phase, requiring more energy to heat the 
end fitting than the column tube. Whether or not this has a direct consequence on the 
heat of the mobile phase in those areas is a topic that requires further investigation, 
however, if we consider the end fitting as potentially thermostating the end of the 
column there is the possibility that a radial temperature gradient can be formed to a 
larger extent in those areas. 
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4.4.2 Viscosity change via a change in mobile phase type 
The capabilities and limitations of observing the dynamic thermal process during the 
operation of a HPLC/UHPLC column with a thermal camera demonstrated that with 
increasing mobile phase velocity there is an increase in the overall temperature of the 
column, as well as a temperature gradient along the column axis – low at the inlet, 
high at the outlet. In this section, the effect of using mobile phases with varying 
viscosities on the axial thermal gradients was tested when operated near Pmax. The 
experiments that were undertaken using MeOH as the mobile phase were repeated 
using MeCN and isopropanol (iPrOH), these mobile phases having a lower and 
higher viscosity respectively.  The results of these experiments are summarised in 
Table 4.1 and visualised in Figures 4.5 and 4.6. Here different solvent types are 
differentiated by the shape of the data marker (■ = MeOH, ● = iPrOH and ▲= 
MeCN) and line colour (black, red and blue respectively). The solid lines correspond 
to ΔTA calculated as the temperature difference between E.In and E.Out spot ROIs 
on the “exposed” portion of the column. The dotted lines correspond to maximum 
TA Max, calculated as the difference between points In and E.Out ROIs; due to the 
masking of the observable heat generation by the end fittings.  Figure 4.5 compares 
the inlet and outlet temperature differences with pressure. The data shows that at 
Pmax MeCN yielded the steepest temperature gradient (largest TA) between the inlet 
and the outlet followed by MeOH and lastly iPrOH. Additionally, MeCN also 
generated the highest absolute temperature value at Pmax (44.4°C) (observed near the 
column outlet) again followed by MeOH (41.7 °C) and iPrOH (29.8 °C).  The 
difference between each of these solvent conditions is the flow velocity achieved at 
Pmax. MeCN having the lowest viscosity of the three solvents was able to reach a 
flow rate of 1.25 mL/min compared to 0.8 mL/min and 0.175 mL/min for MeOH and 
iPrOH respectively. This shows that the magnitude of heat generated and the 
difference in temperature from inlet to outlet during column operation is in part 
dependent on the flow velocity.  
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Table 4.1: Summary of calculated ΔTA / ΔTA  Max (ᵒC) values versus pressure 
drop (psi) and flow rate (mL/min) for methanol, isopropanol and acetonitrile. 
 
Solvent 
 
Pressure Drop (psi) Flow Rate (mL/ min) Δ TA  (ᵒC) Δ TA Max 
(ᵒC) 
Methanol 0 0.000 0.2 0.3 
1629 0.100 0.2 0.2 
3333 0.200 0.2 0.4 
4931 0.300 0.7 1.2 
6550 0.400 1.5 2.2 
8176 0.500 2.7 3.9 
9643 0.600 4.0 5.8 
11018 0.700 5.5 7.7 
12421 0.800 7.3 10 
Isopropanol 0 0.000 0.1 0.2 
1214 0.022 0.1 0.2 
2983 0.044 0.2 0.2 
4566 0.066 0.1 0.2 
6324 0.088 0.2 0.2 
7924 0.109 0.3 0.4 
9739 0.131 0.5 0.6 
11381 0.153 0.6 0.9 
13008 0.175 1.0 1.4 
Acetonitrile 0 0.000 0.1 0.1 
1635 0.156 0.1 0.1 
3304 0.313 0.6 0.7 
4936 0.469 1.4 1.8 
6659 0.625 2.8 3.6 
8285 0.781 4.7 5.9 
9869 0.938 6.7 8.3 
11423 1.094 9.0 10.9 
13029 1.250 12.2 13.6 
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This is supported by the data in Figure 4.6, which plots TA between the inlet 
and outlet of the column against the flow rate for each of the solvent types. The plot 
indicates that MeCN at the higher flow velocity than MeOH and iPrOH yielded a 
greater TA. Figure 4.6, however, does not neglect the effect of pressure since close 
inspection of the data shows that at equal flow velocities TA generated using iPrOH 
operating at higher pressure was greater compared to MeOH and MeCN. 
-2000 0 2000 4000 6000 8000 10000 12000 14000
-1
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

 T
A
/ 

 T
A
 M
a
x 
(o
C
)
Pressure (psi)
 MeOH     MeOH Max
 iPrOH      iPrOH Max
 MeCN      MeCN Max
 
Figure 4.5: ΔTA / ΔTA Max (ᵒC) versus pressure (psi) for MOH, iPrOH and 
MeCN. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: ΔTA / ΔTA Max (ᵒC) versus flow rate (mL/min) for MeOH, iPrOH 
and MeCN. 
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This observation also extends to the comparisons between MeCN and MeOH, where 
T generated by the MeOH as the mobile phase, compared to MeCN at equal flow 
velocities was always greater for MeOH than MeCN. 
4.5 Concluding remarks 
The primary aim of this chapter was to provide a scope of the information that can be 
gathered on the formation of axial temperature gradients along a column using 
infrared cameras. Not only has it been shown that thermal imaging can be used to 
observe heating effects, but it does so in such a way that modifications to the column 
can be kept at a minimum, i.e., the column can operate in more or less conventional 
mode of operation without the need to systematically and carefully add 
thermocouples to the system.  
Moreover, the technique has allowed for the visualisation of the dynamic heat 
exchange process across the entire column length, that otherwise could not have been 
observed using the previous methods. As a result, questions have been raised of the 
effect of column architecture on heat exchange processes as well as a relationship 
between the generation of temperature gradients along the column, its operating 
pressure and flow rate, which is dependent on the solvent type and viscosity.  
From this study questions have been raised as to the effect of bulky end 
fittings relative to the column tube on the heat generation/dissipation process, raising 
concerns as to whether or not this will have a direct effect on the temperature of the 
eluent and hence potentially influence the formation of radial temperature gradients.  
Additionally, it was observed that when operated at Pmax the magnitude of 
heating and the difference between the temperature at the inlet and outlet is 
dependent on the flow velocity, which in turn is determined by the viscosity of the 
mobile phase. That is not to suggest that the column pressure drop has no effect on 
the observed heating with results showing that with increasing pressure drop there 
was an overall increase in column temperature. Furthermore, in the comparison of 
equivalent flow rates, the condition operating at a higher pressure drop will yield the 
greatest difference in temperature from inlet to outlet. 
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Chapter 5: The visualisation of axial 
temperature gradients in ultra high 
performance liquid chromatography 
using an infrared camera – The effect 
of varying mobile phase compositions 
and viscosities under isocratic 
conditions 
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5.1 Introduction  
In Chapter 4, thermography was used to obtain comprehensive information about 
axial temperature profiles in chromatography columns using mobile phases each 
varying in viscosity. The magnitude of the axial temperature gradient and heating, in 
general, was found to be dependent on the flow rate each mobile phase could achieve 
at maximum operating pressure. Mobile phases with lower viscosities yielded higher 
flow rates resulting in a greater temperature gradient along the axis of the column. 
Additionally, as the thermal camera was used to monitor the entire surface of the 
column, the thermal contributions of column architecture could be evaluated and it 
was found that bulky stainless steel end fittings altered the heating profile along the 
column axis. In the current chapter, the protocol developed in Chapter 4 has been 
used to examine heating effects in binary mobile phases operated under isocratic 
conditions, where one component of the mobile phase is water. This approach allows 
for variation in viscosities to be tested, typical of reverse phase HPLC. 
5.2 Method 
Details pertaining to the specific experimental procedures of this chapter can be 
found in Chapter 4, in particular, section 4.3 with regards to column preparation, 
emissivity determination, instrumentation, set up and method. Any changes or 
additions can be found the following sub-sections. 
5.2.1 Chemicals and reagents 
HPLC grade acetonitrile and methanol, purchased from VWR (Tingalpa, QLD, 
Australia), were used in this chapter. Compositions were made by mixing the solvent 
with MilliQ water, which was obtained in-house at a resistance of 18.2 MΩ cm and 
filtered through a 0.2 µm Teflon filter (Millipore Australia Pty Ltd, North Ryde, 
NSW, Australia). Flat white spray paint (Rust-Oleum) was purchased from a local 
hardware store. 
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5.2.2 Regions of interest  
The region(s) of interest (ROI) used for this investigation are highlighted in Figure 
5.1 and specific details on how these ROIs are defined can be found in Chapter 4, 
section 4.3.7. The magnitude of the temperature gradient along the column axis,  
denoted as ΔTA, was calculated by measuring the temperature at ROI E.In and E.Out 
(points located at the edge of the column end fitting) and taking the difference 
between them. The change in temperature at a particular point as a function of 
another parameter (in this chapter Power) is represented as ΔTP,  for convenience the 
ΔTP value at initial conditions i.e. Power = 0 W is set to zero. Axial temperature 
profiles were generated through measurement of temperature values along the ROI 
line TL, which spans the total length of the column.  
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Regions of interest E.in, E.out and TL on a thermographic image of 
an operating column. 
 
5.3 Results and discussion 
5.3.1 Eluent composition and viscosity 
The data in Table 5.1 [120] gives viscosity values for various water-MeOH and 
water-MeCN compositions at different temperatures, the values of viscosity versus 
composition at 25°C is plotted in Figure 5.2 for both mobile phase mixtures. In the 
case of water-MeOH mixtures, the relationship between viscosity and composition 
TL 
E.In E.Out 
58 
was non-monotonic, with viscosity increasing as the composition of MeOH 
increased, reaching a maximum at around 50% MeOH, and then decreasing with the 
further addition of MeOH. The non-monotonic relationship between viscosity and 
composition thus allowed for the comparison of mobile phases having equivalent 
viscosities but with different percentages of water so that they could as a 
consequence be operated under the same flow rates yielding the same pressure. This 
provided the opportunity to determine the potential thermal contributions of water, 
having a much greater heat capacity and thermal conductivity than MeOH and 
MeCN alone. In the case of the water-MeCN mixtures, the relationship between 
viscosity and composition was effectively monotonic, with a constant viscosity up to 
the addition of nearly 30% MeCN, after which further addition of MeCN lead to a 
continual decrease in viscosity. In this study mobile phases of 100% water, and then 
mixtures of 70:30, 50:50 and 40:60 (water:MeOH) compositions and 80:20, 70:30 
and 60:40 (water:MeCN) compositions were considered. In the case of the water-
MeOH mixtures, two compositions were chosen of near equal viscosity as well as the 
maximum observable viscosity at 25ᵒC. 
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Figure 5.2: Profile of viscosity (cP) versus composition (% Organic (v/v)) at 
25°C for MeOH and MeCN. 
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Table 5.1: Viscosity values of composition %methanol and %acetonitrile (v/v) 
with water from 20 °C to 40 °C [120].  
Temperature methanol  % (v/v) 
 0 10 20 30 40 50 60 70 80 90 100 
20°C 1.00 1.32 1.57 1.75 1.83 1.83 1.72 1.52 1.25 0.93 0.60 
25°C 0.89 1.18 1.40 1.56 1.62 1.62 1.54 1.36 1.12 0.84 0.56 
30°C 0.79 1.04 1.23 1.36 1.43 1.43 1.36 1.21 1.01 0.76 0.51 
35°C 0.70 0.92 1.07 1.19 1.24 1.26 1.21 1.09 0.91 0.69 0.46 
40°C 0.64 0.82 0.96 1.05 1.11 1.12 1.08 0.98 0.83 0.64 0.42 
45°C 0.58 0.75 0.87 0.96 1.00 1.02 0.98 0.89 0.76 0.58 0.39 
            
Temperature acetonitrile  % (v/v) 
 0 10 20 30 40 50 60 70 80 90 100 
20°C 1.00 1.14 1.10 1.13 0.99 0.90 0.81 0.69 0.56 0.50 0.37 
25°C 0.89 1.01 0.98 0.98 0.89 0.82 0.72 0.59 0.52 0.46 0.35 
30°C 0.79 0.90 0.87 0.86 0.80 0.74 0.65 0.52 0.45 0.43 0.32 
35°C 0.70 0.73 0.78 0.76 0.72 0.68 0.59 0.47 0.43 0.39 0.30 
40°C 0.64 0.72 0.70 0.68 0.65 0.62 0.54 0.44 0.41 0.36 0.27 
45°C 0.58 0.61 0.64 0.61 0.59 0.58 0.50 0.43 0.38 0.33 0.25 
5.3.2 ΔTA vs pressure drop and flow rate  
The plots in Figures 5.3a and b depicts the relationship between ΔTA and a) pressure 
drop (P) and b) flow rate for water MeOH mixtures. Each line in Figure 5.3 
represents a composition each of which is differentiated by the shape of the line 
maker (square, circle, triangle, star and pentagon corresponding to 100:00, 40:60, 
50:50, 70:30 and 00:100 (water: MeOH) compositions respectively).  
For all compositions, increasing P resulted in an increase in Δ TA. 
Additionally, ΔTA as a function of P for the pure MeOH and pure water, were 
almost coincident across the entire pressure ranges tested, except that the maximum 
ΔTA was slightly higher in pure MeOH than pure water. However, mixtures of water 
and MeOH at the compositions of 70:30, 50:50 and 40:60 were not coincident with 
the temperature-pressure relationship observed with either pure water or pure MeOH.  
Rather, in all three compositions, the amount of heated generated at each respective 
P was lower than the case for the pure mobile phases. This is not surprising since 
pure MeOH and pure water individually had a lower viscosity than the water-MeOH 
mixtures tested here. This enabled the single component mobile phases to be 
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operated at higher flow rates at Pmax,  which equated to higher ΔTA values and a 
steeper gradient in the temperature transition, as such at each respective pressure 
measurement point, the flow rate of the pure water, and the pure MeOH was higher 
than for the mixtures. For a clearer visualisation of this affect the plot in Figure 5.3b 
details the relationship between ΔTA as a function of the flow rate for each 
composition. In this case, substantially more heat was generated for the lower 
viscosity pure MeOH, than for the pure water. 
Closer inspection of the plots in Figure 5.3b for the mixtures of 70:30, 50:50 
and 40:60  (water:MeOH) gives some insight into thermal gradients associated with 
adding water to the mobile phase. The mixtures comprising 70:30 and 40:60 
(water:MeOH) have near equivalent viscosities between 25°C and 40°C, differing by 
less than 0.03 cP (Table 5.1), which is at most 2.7% different when the temperature 
is at 40°C, while they are equivalent at 30°C. The slightly higher viscosity of the 
40:60 (water:MeOH) mixture at 40°C resulted in lower maximum flow rate being 
able to be utilised at Pmax; 0.37 mL/min for the 70:30 mixture compared to 0.35 
mL/min for 40:60 mixture. It was no surprise then that the 70:30 mixture recorded a 
higher ΔTA value at Pmax than the 40:60 mixture.  The increase in ΔTA that resulted 
as a consequence of this small viscosity difference between the two mobile phase 
mixtures was substantial, even though the flow rate difference was only 0.02 
mL/min; an additional 0.8°C was observed in the lower viscosity 70:30 water: 
MeOH mixture. 
 The 50:50 water: MeOH mixture was the most viscous mobile phase tested 
here. At 20°C the viscosity of the 50:50 mixture was 6.7% higher than the 40:60 
mixture, and 3.7% higher at 40°C. The higher viscosity of the 50:50 mixture 
translated to a lower flow rate required to reach Pmax – 0.32 mL/min. This would 
suggest that the ΔTA for a 50:50 mixture of water-MeOH at Pmax would be lower 
than both 30:70 and 60:40 mixtures (water:MeOH) due to the reduction in the 
maximum flow rate achievable. This was true in comparison to the temperature-
pressure relationship for the 30:70 versus the 50:50 mixtures where ΔTA  at Pmax was 
4.6°C and 3.9°C respectively, however, it was not true for the comparison between 
60:40 versus 50:50 (water:MeOH) where ΔTA for the 60:40 mixture was 3.8°C, i.e., 
0.1°C lower than the ΔTA for the 50:50 mixture.  
61 
Insight in regards to this finding can be obtained by comparing the 
relationship between ΔTA and flow rate, where, in the case of pure water, ΔTA 
approached very closely ΔTA for pure MeOH despite the substantially higher 
operating flow rate of the pure MeOH mobile phase, as shown in Figure 5.3b. This 
highlights the potential role of water in the generation of heat due to friction and the 
magnitude of the observed axial temperature gradient. 
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Figure 5.3: ΔTA versus a) pressure drop and b) flow rate for compositions of 
water and MeOH. 
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5.3.3 ΔTA  vs power 
The role of water in the generation of heat due to friction was explored further by 
evaluating the amount of power produced following passage of the mobile phases 
through the column. Power (Q) (units Watts) is directly proportional to the change in 
pressure P (units Nm-2) and the mobile phase flow rate (v) (units m3s-1) according 
to Equation (5.1)[12, 16, 121]: 
 
Q =  ΔP v        (5.1) 
 
Figure 5.4a shows this relationship specifically with water:MeOH compositions 
showing that regardless of composition, with increasing power there is an increase in 
the magnitude of ΔTA. Pure water and MeOH again, being able to operate at higher 
flow rates at Pmax results in a greater power and therefore higher ΔTA values. The 
highlighted section of the Figure 5.4a shows, however, that at the equivalent power 
the addition of water increases the magnitude of ΔTA with the position of each plot 
rising with increasing water content. This result is seen again in Figure 5.4b where 
the relationship between ΔTA and power for water:MeCN mixtures is established. 
Here 80:20, 70:30 and 60:40 (water:MeCN) compositions are compared with pure 
MeCN and water. In this case the three mixtures compared here are of near equal 
viscosity (Table 5.1), despite this, however, Figure 5.4b shows again that with 
increasing water composition there is an increase in ΔTA at the equivalent power the 
maximum occurring with pure water. Figure 5.4c is a final comparison of ΔTA and 
power for water, MeOH and MeCN. Here it is observed that the relationship between 
ΔTA and power generated from MeOH and MeCN are near identical, despite having 
different viscosities. Suggesting that the observed increases in ΔTA  for water at 
equivalent power is specific to its thermal properties and not solely due to the 
differences in pressure drop, flow rate or power generated between pure mobile 
phases and their water mixtures. 
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Figure 5.4:  ΔTA versus power generated for a) water:MeOH compositions, b) 
water:MeCN compositions and c) MeOH, MeCN and water. 
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5.3.4 ΔTP  vs power 
In order to understand of how these different ΔTA values are established, the 
temperature change at specific points of interest (ΔTP) was evaluated, in this 
instance the points of interest were located at E.ln and E.Out. ΔTP at these points of 
interest was then evaluated as a function of increasing power output and plotted in 
Figure 5.5a and 5.5b. The solid lines in these figures correspond to the changes in 
temperature at E.In while the dashed lines correspond to changes at E.out with 
increasing power; note, each mobile phase composition is distinguished by the shape 
of the maker.  
The plot in Figure 5.5a indicates that both E.In and E.Out increase in 
temperature with increasing power, however, at different rates leading to the 
generation of the observed axial temperature gradient ΔTA. Focusing on the pure 
mobile phase plots it is apparent that the change in temperature at both the inlet and 
outlet using water as the mobile phase is higher than when using MeOH, increasing 
in temperature significantly with the initial generation of power. The temperature 
continues to increase at both the inlet and outlet with increasing power, however, in 
the case of water ΔTP appears to be reaching a plateau. The plateau in heating is 
more apparent at the inlet than at the outlet, with temperature increases slowing 
down after 0.4 W and even increasing to a lesser extent than MeOH after 0.6 W.  
The outcome seen in Figure 5.4a can, therefore, be considered as not a result 
of a fixed difference in heating from inlet to outlet, but rather the reduction in the 
rate of heating at the inlet and a continuation of heating at the outlet. This differs 
from when MeOH is used as the mobile phase where the rate of increasing 
temperature with increasing power remains relatively constant for both the inlet and 
outlet. There is evidence of a slight deviation at higher power, however, not to the 
same extent as water. The result for the 50:50 mixture of water and MeOH 
interestingly, however, not surprisingly, shows attributes of both the pure MeOH and 
pure water plots, with a significant increase in temperature at the initial generation of 
power, deviating with continual increase in power, however, not to the same extent 
as pure water.  
In Figure 5.5b the same comparison is made as in Figure 5.5a, however, in 
this instance, MeCN is compared with water. Again, with the initial generation of 
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power, the temperature increase at E.in and E.Out for water is more significant than 
MeCN. In this case, however, within the region of comparable power, the changes in 
temperature for water are always higher than for MeCN. The data also indicates that 
the change in temperature at these two points for MeCN is relatively constant in 
comparison to water. However, there was a plateau in temperature change from the 
second last and last data points at E.in for MeCN which creates a large difference in 
temperature been inlet and outlet.  
 
 
 
 
 
 
 
 
 
Figure 5.5: ΔTp of E.in and E.out versus power generated for a) MeOH, water 
and 50:50 (water:MeOH) and b) MeCN and water. 
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From the data presented in  the plots shown in Figure 5.5a and 5.5b, it is 
apparent that while both the temperature at the inlet and outlet of the column 
increases with increasing power it does so at different rates leading to the observed 
axial temperature gradient (i.e., the temperature increase at the outlet is greater than 
the temperature increase at the inlet). The relationship of increasing temperature with 
rising power at any point with any mobile phase system is not linear and plateaus at 
higher power. However, the point of the plateau depends on the region of the column 
and the mobile phase type, with the inlet fitting, for example, reaching a plateau at a 
lower temperature than at the outlet.  
5.3.5 End fitting related heating effects 
The thermal images in Figure 5.6 compare heat generation across the column end 
fittings when MeOH, MeCN and water were used as mobile phases. In each instance, 
the thermal image was recorded at Pmax following a 5 minutes after maximum flow 
was reached. In these images, the change in temperature is indicated by the transition 
from black to white, where the darker regions of the image reflect cooler 
temperatures and lighter regions are areas of higher temperature.  
In Chapter 4, it was noted that the architecture of the column itself influences 
the distribution of heat along the column; it appears that bulkier stainless steel end 
fittings created a dip in the temperature along the column axis. This same 
phenomenon was seen in this investigation and in Figure 5.6 the decrease in 
temperature at the column end fitting is denoted by a sudden darkening at the 
interface between the column and end fitting. This dramatic change in temperature 
from column to end fitting was very distinct when MeOH and MeCN where the 
mobile phases, however, when water was used as the mobile phase, the transition of 
heat from the column tube to the end fitting itself was far less abrupt.  
This difference is depicted graphically in Figure 5.7, where axial temperature 
profiles are plotted against the length of the column from inlet to outlet (including 
the end fittings). In the case of MeOH and MeCN as mobile phases, there was a 
sudden drop in temperature corresponding to the transition from column to end 
fitting. In the case of water as mobile phase no sudden drop in temperature was 
apparent, although there was a slight and continual decrease in temperature across 
the end fitting itself, perhaps suggesting that water is better able to transfer heat from 
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the mobile phase to the stainless steel casing and eventually the end fitting of the 
column. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Thermal images of transition from column to end fitting at Pmax for 
MeOH, MeCN and water. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Temperature profile at Pmax for MeOH, MeCN and water. 
 
  
-10 0 10 20 30 40 50 60 70 80
26
28
30
32
34
36
38
40
42
44
46
T
e
m
p
e
ra
tu
re
 (
o
C
) 
Position (mm)
 MeOH
 MeCN
 Water
68 
To understand this phenomenon more clearly thermal studies were conducted 
primarily around the end fitting region, corresponding to between 40 and 77 mm 
from the column inlet.  The temperature plots shown in Figure 5.8 illustrate how the 
temperature changes as a function of the period associated with pressure and flow 
equilibration, as the flow rate was changed from 0.7 mL/min (solid black trace) to 
0.8 mL/min.  The point of most interest in these plots is located at around 55 mm, 
corresponding to the start of the end fitting. When the flow rate was first changed to 
0.8 mL/min, there was a distinct dip in the temperature at this point, however, as 
equilibration time increased, the magnitude of this temperature dip across the column 
tube – end fitting interface decreased, becoming barely visible at 5 minutes.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: Temperature profile of TL between 40mm and 77mm positions for 
water before flow rate change and 1-minute intervals after flow rate change. 
 
This raises the question, given sufficient equilibration time would this 
temperature dip, that is most apparent when MeOH and MeCN are used as the 
mobile phase, disappear? In the protocol for the temperature measurements used in 
this study, all measurements of temperature were made following a 5 minute 
equilibration period after a flow rate change.  Therefore to test whether or not the 
temperature dip associated with the column tube – end fitting interface would 
disappear given longer equilibration, the equilibration time was extended to 35 
minutes. As shown in Figure 5.9, irrespective of whether the equilibration period was 
40 45 50 55 60 65 70 75 80
35.0
35.5
36.0
36.5
37.0
37.5
38.0
38.5
T
e
m
p
e
ra
tu
re
 (
o
C
)
Longitudinal Position (mm)
 0.7 mL/min                                 0.8 mL/min after 3 minutes
 0.8 mL/min after 1 minute         0.8 mL/min after 4 minutes
 0.8 mL/min after 2 minutes       0.8 mL/min after 5 minutes
69 
5 minutes or 35 minutes, the temperature dip at the column – end fitting interface 
was still apparent when both MeOH or MeCN were used as the mobile phase but 
was not apparent when water was used. It, therefore, appears that when water is used 
as mobile phase, heat dissipation through the stainless steel is faster.  This would 
explain why at the equivalent power the temperature increases for water in most 
cases is greater than any other of the mobile phases tested here (Figure 5.5). 
Moreover, from the data in Figure 5.8, it is seen that any disruption to this 
equilibrium momentary changes the temperature profile along the columns axis 
before being established.  
   
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Temperature profile of TL between 40mm and 77mm positions at 
Pmax for MeOH, MeCN and water at 5 minutes and 35 minutes. 
 
This phenomenon is seen to a greater extent in timelapse Video 5.1, which 
shows how the temperature profile of the column changes when the flow rate is 
reduced from maximum velocity to 50% for MeOH, MeCN and water. In this time-
lapse video, 1 second equates to 1 minute of elapsed time, at the start of the video the 
column is operating at maximum velocity this is indicated by the red border. At this 
instance, the column has reached maximum temperature and the temperature profile 
is at equilibrium. The step down in flow rate is indicated by the change in border 
colour from red to yellow. The top and bottom images are the same mobile phases 
conditions, however, with different temperature scales, The top image has a fixed 
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temperature scale and this enables the visualisation of temperature loss due to the 
step down in flow rate. Each solvent scenario has its own independent fixed 
temperature scale where the maximum temperature is indicated as white in colour. In 
all cases regardless of solvent, the step down in flow rate leads to an almost 
immediate loss in temperature. Interestingly when you compare the rate of 
temperature loss between the different solvent systems there appears to be no 
discernable difference and each composition reaches a stable “50% flow temperature” 
at approximately the same time. The bottom images show the same column as above 
except here the temperature scale changes so that the hottest part of the column is 
always coloured in red, allowing the observation of the hottest part of the column at 
any given time.  
At the start of the video, it is seen that maximum temperature is observed just 
before the interface between the column and the end fitting. Once the flow rate is 
decreased to 50% of the maximum there is an immediate change in profile shape as 
the hottest part of the column moves to just before the interface to over the entire 
length of the end fitting. Hence the end fitting is acting as a heat sink removing the 
excess heat that is associated with a sudden drop in flow rate and pressure. As time 
passes at this flow rate, the temperature stabilises, the thermal equilibrium 
establishes itself and hottest point moves back to the interface between the column 
and the end fitting.  
Video 5.1: https://drive.google.com/open?id=1MDZ-owNy8V39O8waRD4PvJTSGUWcIo53 
5.4 Concluding remarks  
Solvents of different types and compositions were delivered through a column at a 
predetermined maximum velocity dictated by the pressure limitations of the UHPLC 
system used. The results showed that at equivalent power, compositions with a 
higher percentage of water lead to a larger temperature difference between points 
E.in and E.Out (ΔTA) along the columns axis. The change in temperature of E.in and 
E.out (ΔTP) with increasing power was observed individually to find that both 
points increased in temperature, but at different rates (E.out increasing faster than 
E.in). The profile of these plots revealed that the relationship between ΔTP and 
power was not linear, deviating at higher power. The degree of this deviation 
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depended on what point was observed along the columns axis as well what solvent 
composition was used.  
The use of thermal imaging in Chapter 5 enabled the observation of axial 
temperature profiles along the entire column, revealing how bulky stainless steel end 
fittings mask the observable temperature of the column due to an increase in mass 
that needs to be heated. In this chapter, it was found that the rate of heat transfer 
through to the column end fitting was dependent on what solvent was used. As water 
showed a higher rate of heat transfer to the end fitting compared to MeOH and 
MeCN. Additionally monitoring this part of the column showed that after a period of 
time at a fixed flow rate the shape of the temperature profile along the columns axis 
remains constant, even if the column continues to heat. Indicating that a thermal 
equilibrium between heat generation and heat transfer to the stainless steel surface is 
established. Video evidence also suggests that disturbing this equilibrium i.e. with a 
change in flow rate will momentarily change the shape of the axial temperature 
profile, returning to the original profile once the equilibrium is reestablished albeit at 
a higher or lower overall temperature depending on the direction of the flow rate 
change. The video evidence presented in this chapter provides an excellent visual 
depiction of the complex heating effects occurring during the columns operation, 
which would not ordinarily have been attainable with point source thermocouples. 
As work in this thesis proceeds, the effects of heating will also be visualised under 
gradient conditions an in SFC. These are detailed later and the conclusion places the 
findings in context to the current and future states if contemporary chromatographic 
separations. 
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Chapter 6: The visualisation of axial 
temperature gradients in ultra high 
performance liquid chromatography 
using an infrared camera – The effect 
of varying mobile phase compositions 
and viscosities under gradient 
conditions  
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6.1 Introduction 
In Chapters 4 and 5, the axial temperature profiles of operating UHPLC columns 
generated by viscous fictional heating was visualised with an infrared camera, 
observing the effects of different mobile phase types and composition at a number 
flow rates reaching the maximum pressure the column. The results indicated that at 
maximum pressure the degree of heating depends on the flow rate that is achieved. 
Mobile phases with lower viscosities are able to operate at higher flow rates, 
therefore, generating more heat. Conversely, at equivalent flow rates, mobile phases 
yielding higher pressure drops (i.e., more viscous mobile phases) generate more heat.  
In the experiments undertaken in Chapters 4 and 5, the mobile phases were 
run under isocratic conditions meaning that its composition and to a certain degree 
its viscosity remained constant throughout the run. It should be noted that the process 
of heat generation leads to a change in the mobile phase viscosity. Hence even 
though the composition of the mobile phase remains constant, the heating effect 
changes the viscosity. HPLC/UHPLC, however, is often conducted under gradient 
conditions where composition and viscosity vary over time. From a throughput 
perspective and particularly in reverse phase HPLC gradient elution offers an 
advantage of being able to separate complex samples with a wide range of polarities 
in a shortened period of time compared to isocratic methods [122-127]. As such 
gradient elution is often preferred, or rather necessary. Gradient elution presents a 
potential problem, however, from the perspective of viscous frictional heating as 
changes in mobile phase composition under constant flow rate will likely not only 
change the average temperature of the column, but also the size of the temperature 
gradient from inlet to outlet and this is especially the case under the conditions of 
high throughput analyses. This, in turn, will lead to losses in performance and 
reproducibility both within a single method and across continuous cycles [128, 129].  
The focus of the current chapter is the visualisation of viscous frictional 
heating under gradient elution at a constant flow rate and very high pressure, using 
infrared cameras, observing the changes in column temperature profile within a 
single method and across a continuous cycle of repeated gradient methods. Two 
gradient methods have been considered, the difference between the two being the 
steepness of the gradient and the length of the re-equilibration to ascertain whether or 
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not the changing heat effect can keep pace with the rapid changes in composition and 
pressure drop. 
6.2 Method 
Details pertaining to the specific experimental procedures of this chapter can be 
found in Chapters 4 and 5. In particular section 4.3 with regards to column 
preparation, emissivity determination, and instrumentation and set up. Section 5.2.2 
outlines the regions of interest considered for this chapter. Any changes or additions 
can be found the following. 
 In Chapters 4 and 5 a flow rate step method was used to deliver mobile phase 
through the pump under isocratic conditions. In this chapter, a continuous gradient 
method was utilised to change the composition of the mobile phase with time, but at 
a constant flow rate (0.32 mL/min). In some experiments, the gradient methods were 
cycled continuously, and when that was the case, the minimum period of analysis 
was 500 minutes. In all instances, the column was allowed to equilibrate for ten 
column volumes of the initial mobile phase prior to starting gradient cycle sequence. 
 
Gradient method 1 
Gradient method 1 (GM1) utilised an initial mobile phase of 95:5 water: MeOH, 
running to 100% MeOH in 4.75 minutes. The final composition was held for 1 
minute, the composition was returned to the initial conditions in 0.25 minutes and re-
equilibrated for 2 minutes. This gradient was repeated in through 60 cycles. 
 
Gradient method 2 
Gradient method 2 (GM2) utilised an initial mobile phase of 90:10 water:MeOH 
running to 100% MeOH in 2.25 minutes. The final composition was held for 1 
minute and returned to the initial conditions in 0.25 minutes and re-equilibrated for 
0.75 minutes. This gradient was repeated through 160 cycles.  
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6.3 Results and discussion  
6.3.1 Gradient method 1 
Assessing the change in average column temperature  
The use of the time-lapse video recording function gave the opportunity to monitor 
both short term and long term changes in column temperature during a single 
gradient cycle, as well as through a repetition of 60 gradient cycles. From the 
resulting time-lapse video (video 6.1) the overall temperature of the column in the 
early cycles was seen to increase with each successive gradient cycle, this increase in 
column temperature did not continue indefinitely, rather, the temperature of the 
column eventually stabilised. Additionally, the thermal information from the video 
indicated that throughout each cycle the temperature was constantly changing, as 
noted by the pulsating colour across the column. 
Video 6.1: https://drive.google.com/open?id=1okh2hTlFDKXX96DofE97NzfTlWMByHLD 
As noted in Video 6.1 the overall column temperature increased with each 
successive cycle. Therefore in Figure 6.1, the plot of the average temperature of the 
column per cycle (Ave.Tcycle) reveals the number of cycles required in order for the 
average temperature of the column to effectively stabilise. The Ave.Tcycle was 
calculated by taking the average of “mean column temperature values” (i.e the mean 
temperature along the entire column surface) across each frame per cycle. The data 
in Figure 6.1 indicates that the Ave.Tcycle increased up to the 25
th cycle, after which the 
temperature fluctuated between 33.90°C and 34.35°C. The standard deviation 
between cycles 25 to 60 was 0.12°C, which was within the error of the thermal 
camera (the lowest standard deviation between any 10 successive runs occurred 
between cycles 25 to 34 with a standard deviation of 0.050°C). 
Since the gradient elution program employed here utilised mobile phases of 
different viscosities, and the viscosity of the mobile phase mixtures were non-
monotonic with respect to composition pressure changes within the column were 
therefore unavoidable as the flow rate was held constant. In the implementation of 
the gradient run the flow rate was chosen based on the system reaching near Pmax at 
the point of highest mobile phase viscosity.  
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Figure 6.1: Ave.Tcycle for cycles 1 – 60 of GM1. 
 
The pressure profiles in Figure 6.2a detail the significance of the pressure 
variation across the gradient runs for cycles 25 to 34 in succession.  In contrast to the 
heat generation shown in Figure 6.1, the pressure pulsation across the column, as 
recorded from system pressure transducers was constant from cycle to cycle, but 
within any given cycle, the pressure variation was around 4500 psi.  This is due to 
changes in mobile phase composition and viscosity during the gradient, which at 
constant flow rate changes the pressure drop over the column.   
The plot in Figure 6.2b details the relationship between pressure and the 
gradient time, within a single cycle. At the start of every cycle the pressure increases, 
reaching a local maximum at 0.25 minutes, then decreasing to a local minimum at 
2.00 minutes, before increasing again to the overall maximum at 4.75 minutes, which 
corresponds to the period of time at the start of the hold period for the final mobile 
phase composition. At this point in time, the viscosity of the mobile phase at the 
pump mixer is actually at its lowest throughout the entire gradient as here pure 
MeOH only is being transported, but the composition of the mobile phase inside the 
column lags behind the composition of the mobile phase in the pump, hence there is 
a delay in the pressure-composition relationship between pump and column.  
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The minimum in the pressure occurs after the hold time is completed when pure 
MeOH is transported through the column. During re-equilibration, the pressure again 
begins to increase.  
 
 
 
 
 
 
Figure 6.2: a) Pump pressure across cycles 25 to 34 of GM1 and b) Pump pressure 
averaged over cycles 25 to 34 versus gradient time of GM1. 
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The plot in Figure 6.3a details the relationship between the average column 
temperature (Tcolumn) for the period of time associated with cycles 25 to 34. This plot 
is different from the temperature per cycle plot shown in Figure 6.1 because, in 
Figure 6.3a, the Tcolumn is recorded at 15-second intervals, rather than in Figure 6.1, 
which is the Tcolumn averaged throughout the entire mobile phase gradient to give 
Ave.Tcycle. Hence in Figure 6.3a, the variation in temperature across the gradient cycle 
is visualised. From Figure 6.3a it is apparent that there is a commonality between the 
pressure profile and the temperature profile within the column. This commonality is 
more clearly defined in Figure 6.3b, which details the relationship between the 
Ave.Tcolumn at a specific gradient time averaged over all the gradient runs in cycles 25 
to 34. Note the error bars represent the standard deviation in the temperature 
measurements. The plot in Figure 6.3c overlays the normalised temperature profile 
(data from figure 6.3b) over that of the normalised pressure profile (data from Figure 
6.2b) average across cycles 25 to 34: the relationship is clearly revealed, although the 
temperature is delayed more so than the pressure, which indicates thermal 
equilibration is slower than mobile phase equilibration.   
While the data presented here represents the change in temperature in the 
axial direction, what has not been studied is how does the temperature profile change 
in the radial direction of the column? Presently, thermal imaging is not able to assess 
radial effects, but it is clear, radial variations will be important, especially at high 
operating flow rates, since in Chapter 5 it was found that at a set flow rate for a given 
mobile phase composition, temperature variations along the length of the column 
were observed, and these variations would yield a change in viscosity. That change 
in viscosity would subsequently affect the pressure and hence radial flow 
characteristics, which in turn would result in a distortion of the plug in the radial 
direction. Therefore, extracting the radial central flow stream from the wall flow 
stream is likely to be necessary to gain near ideal performance [93].  
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Figure 6.3: a) Tcolumn across cycles 25 to 34 of GM1, b)
 Ave.Tcolumn versus gradient 
time averaged over cycles 25 to 34 of GM1 and c) Normalised pressure and time 
versus gradient time of GM1. 
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Assessing the change in temperature across the column length 
In the preceding discussions, the relationship between the gradient programme and 
the temperature was based on the average temperature across the length of the 
column surface, i.e., as measured in the axial direction. In the current discussion, the 
focus is now on the relationship between the gradient programme and the change in 
column temperature between the inlet and outlet. The plot in Figure 6.4a, for 
example, details the change in column temperature between the column inlet and 
outlet (ΔTA, refer to section 5.2.2) as the column is cycled through successive 
gradient runs, in this case, cycles 25 – 34. From the data presented in Figure 6.4a, 
there appears to be a periodic and repeating trend in ΔTA, whereby the change in 
temperature within the column increases, holds more-or-less constant and then 
decreases, with the change being in the order of 0.7°C.  
Further, the change in the temperature, ΔTA, does not follow the same trend in 
pressure profile (Figure 6.2b) or average temperature (Figure 6.3b), and this is more 
clearly shown in the expanded plot of Ave.ΔTA versus gradient time (see Figure 6.4b), 
which depicts the average ΔTA at given time points averaged across all the gradient 
runs in cycles 25 to 34. Note the error bars represent the standard deviation in the 
temperature measurements. This result indicates that once a gradient series has 
reached the point of thermal stability, the most significant changes in ΔTA during any 
given gradient run occurs at the start and end points of the method, which according 
to Figure 6.2b is where the greatest variation in pressure occurs.  
Figure 6.5, is a plot of the point temperature changes (ΔTP) at the points E.In 
and E.Out of the column as a function of gradient time (refer to section 5.2.2) for 
details and locations of these points). In both cases, the data is presented in the time 
scale of a single cycle, but the data points themselves are the average of 10 
successive runs (cycles 25 to 34).   The term Ave.ΔTP, therefore, reflects the change in 
the temperature at either E.In or E.Out, and each of these changes are the result of 
averaging 10 successive cycles. For convenience, at time = 0, Ave.ΔTP  was set to zero. 
Unlike the temperature profiles observed in Figure 6.4b, Ave.TP at each of the 
respective points, E.In and E.Out, closely follows the pressure-time relationship seen 
in Figure 6.2b, indicating that temperature changes at the inlet and at the outlet are 
due to changes in composition and pressure drop.  
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Figure 6. 4: a)ΔTA  across cycles 25 – 34 of GM1 and b) Ave.ΔTA averaged over 
cycles 25 to 34 versus gradient time of GM1. 
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Interestingly, at the inlet of the column, i.e., E.In, during the period of time 
1.25 minutes to 4.25 minutes the temperature is lower than at the start of the gradient. 
Whereas, at the outlet of the column, i.e., point E.Out, the temperature is always 
higher than at the start of the gradient, and returns to the initial temperature during 
the re-equilibration step. The rate change in the temperature at E.In and E.Out (either 
increasing or decreasing) is most dissimilar at the start and end stages of the gradient, 
and indeed they are out-of-phase with respect to each other and this explains why in 
Figure 6.4b the greatest change in Ave.ΔTA is observed at these two points. 
Conversely, during the mid-region of the gradient, the rate of change in the 
temperatures at E.In and E.Out are effectively in-phase and hence this explains why 
in Figure 6.4b the change in temperature is essentially constant. 
 
 
Figure 6.5: Ave.ΔTP for points E.in and E.Out averaged over cycles 25 to 34 versus 
gradient time of GM1. 
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based on run to run reproducibility in retention time.  As such, the gradient 
programme employed in GM1 was altered so that the steepness of the gradient was 
increased from 20%/min to 40%/min, and the re-equilibration was decreased from 5 
column volumes to 2 column volumes. The gradient was allowed to proceed for 500 
minutes, yielding 160 cycles. Additionally, in order minimise the gradient delay to 
the column the system dead volume was decreased by the removal of the sample 
injector and connecting the column directly to the pump. 
Figure 6.6 is a plot of the Ave.Tcycle for each successive cycle in GM2, similar 
to the data present in Figure 6.1. As was the case in GM1 and Figure 6.1, the 
temperature increases over the first six or so cycles, gradually stabilising at around 
the 16th cycle (identified by the red data point in Figure 6.6). Effectively, the increase 
in the gradient steepness and the decrease in the re-equilibration time resulted in a 
few number of cycles being required to reach this point in thermal stabilisation (16 
cycles in GM2 compared to 25 cycles GM1). The smallest standard deviation 
between 10 consecutive runs using GM2 was 0.02°C located between cycles 57 – 66 
(identified in green in Figure 6.6). Interestingly, beyond around cycle 16 there was a 
consistent trend showing an overall decrease in the average column temperature per 
cycle (changing from 35.92°C at cycle 16 to 35.16°C in cycle 160). This was not 
apparent in method 1, although caution must be exercised in that only 60 cycles were 
tested using GM1.  
 
 
Figure 6.6: Ave.Tcycle across cycles 1 – 160 of GM2. 
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Studies by Gritti [130] detailing gradient elution under very high pressures 
explained that the continuous decrease in pressure drop over the column when the 
MeOH content in water increases above 50%, results in a slight reduction in column 
temperature during the gradient run. He further explained that it may take up to 10-
15 minutes for the column temperature distribution to re-equilibrate. It can, therefore, 
be rationalised that the quick succession of gradient cycles used in this experiment 
does not allow for adequate thermal re-equilibration leading to an accumulative 
reduction in temperature over time.  
The pressure profile for GM2 for cycles 57 to 66 is plotted in Figure 6.7a. On 
first inspection, it appears that the pressure profiles between GM1 and GM2 are very 
similar (compare figure 6.7a to Figure 6.2a), but there are perhaps important 
differences, which are revealed by closer inspection of the pressure pulse measured 
over a single cycle in Figure 6.7b (compare now Figure 6.7b to Figure 6.2b). In GM2 
there are 3 local maxima (compared to 2 in GM2), the highest pressure is observed 
during the gradient increasing from the initial conditions to the final conditions (as 
opposed to the period during the hold time in GM1) and the change in pressure in 
GM2 was approximately 800 psi. (compared to around 4500 psi in GM1). For the 
most part, these differences are probably associated with the decrease in the period of 
re-equilibration, which would lead to a mobile phase composition inside the column 
at the start of the cycle in GM2 that was not exactly the same as the mobile phase 
composition at the pump.  
A subsequent benefit of the decreased pressure variation over the course of 
the gradient programme in GM2 is that the average temperature variation of the 
column over the course of the gradient programme was significantly reduced, as 
shown by the plot in Figure 6.8, which details the Tcolumn over the course of cycles 57 
to 67 in GM2. While variations in the average column temperature were apparent, it 
is difficult to define any distinct trend. However, when the data is viewed with 
respect to the change axial temperature difference (i.e., TA) and averaged across 10 
cycles (57 to 66) the trend shown in Figure 6.9 was observed, where there was a dip 
in TA midway through the gradient at T = 1.00 minutes, which corresponds to the to 
pressure dip within the gradient, as shown in Figure 6.7b. The magnitude of Ave.ΔTA 
observed for the GM2 in Figure 6.9 was significantly less than what was observed for 
GM1 and illustrated in Figure 6.4b, changing only by 0.1°C compared to 0.6°C 
respectively. 
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Figure 6.7: a) Pump pressure across cycles 57 to 66 of GM2 and b) pump pressure 
averaged over cycles 57 to 66 versus time of GM2. 
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Figure 6.8: Tcolumn across cycles 57 to 66 of GM2. 
 
 
Figure 6.9: Ave.ΔTA averaged over cycles 57 to 66 versus gradient time of GM2. 
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were conducted and monitored over a period of 500 minutes, allowing the 
determination and assessment of both long-term thermal changes and short-term 
changes within a single gradient cycle. Two methods were tested, the first had a 
gradient rate of 20% per minute with a period of re-equilibration equivalent to 5 
column volumes, the second gradient method had a gradient change of 40%/min, 
with a re-equilibration equivalent to 2 column volumes. In the first method, thermal 
stability was apparent only after 25 cycles of the gradient had been completed. In 
comparison, thermal stability was not attained in the second method because after 15 
cycles the column temperature was observed to continually decrease. Since the loss 
in temperature was accumulative the magnitude of the temperature change would be 
dependent on the number of cycles conducted.  
Changes in average column temperature and differences between inlet and 
out temperatures within a cycle depended largely on the magnitude of the pressure 
change within the gradient method. The shallower gradient in GM1 with a five-
column volume re-equilibration experienced a greater pressure change within a cycle 
than the steeper GM2, which was re-equilibrated for two column volumes. As a 
result, the “steeper” gradient method with less re-equilibration showed a relatively 
smaller change in average column temperature and difference between inlet and out 
temperature, but the long-term drift in temperature was more apparent.  
The obvious question that arises from this study is ‘what is the significance of 
the temperature effects observed on chromatographic behaviour’? The answer 
provided here is purely speculative, but it is important to consider how gradient 
elution process as implemented in real separation scenarios. One particular case 
might be found in 2DHPLC, where the second dimension is operating at high flow 
rates using effectively shock gradients and minimal re-equilibration time in order to 
avoid ‘wrap around’ effects. The second dimension might easily be cycled several 
hundred times if the sample is complex, and as a result, the temperature of the 
second dimension column would be undergoing a cooling effect. This cooling effect 
could influence the retention time of eluting species, and perhaps this could change 
the ‘chemical signature’ of the sample. Further work needs to be undertaken to 
evaluate temperature-pressure and retention effects. 
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Chapter 7: Observation of the 
thermal effects of operating a column 
under SFC conditions with the use of 
infrared thermography  
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7.1 Introduction  
Since the importance of speed in analyses is ever increasing, the consequences of 
viscous frictional heating, especially in UHPLC is becoming more difficult to ignore. 
As such more attention has been allocated to the exploration of the magnitude of 
these effects and potential means to mitigate them.  
In Chapter 3 SFC was explored, particularly in light of selectivity differences 
between HPLC separations, and in regards to the ability to achieve separations at a 
higher through-put than HPLC. It is difficult to ignore the potential benefits of SFC, 
i.e., decreased environmental burden, potentially lower operating costs, and also the 
use of low viscosity mobile phases that thus enable applications at higher speed 
(since the pressure drop is lowered). Thus, SFC appears to be a valid solution to the 
problem of viscous frictional heating caused by operating at high pressures and 
mobile phase velocity.  
However, as is often the case with SFC, the solution is not as straightforward 
as it may first appear as the compressibility of the supercritical mobile phase adds 
complexity to the problem. Since there exists a pressure drop across the column there 
is as a consequent reduction in the mobile phase density, which results in a 
subsequent cooling effect across the column due to adiabatic expansion of the mobile 
phase. Studies by Schoenmakers et al. [131] calculated that this cooling effect 
competes with viscous heating effects leading to both positive and negative changes 
in temperature. Further work conducted by Poe et al. [132] measured these 
competing thermal effects under a number of conditions showing that while heating 
due to viscous friction was apparent, cooling due to expansion was the dominating 
factor and most of the conditions used in SFC lead to a reduction in temperature 
from inlet to outlet.  
While there has been work conducted to investigate the axial thermal changes 
along columns operated in SFC mode these experiments have largely been based on 
single point-to-point methods and are unable to monitor the entire column surface. In 
Chapters 4, 5, and 6 thermography was used to monitor the dynamic thermal changes 
within an operating HPLC column. In a similar fashion, thermography is used here to 
monitor the thermal changes in a column operating under SFC conditions. A number 
90 
of parameters have been investigated, such as flow rate, pre and post column 
temperature and system back pressure.  
7.2 Method 
Details pertaining to the specific experimental procedures of this chapter can be 
found in Chapter 4 and 5. In particular section 4.3 with regards to column 
preparation, emissivity determination, and set up. Section 5.2.2 outlines the regions 
of interest considered for this chapter. Any changes or additions can be found the 
following sub-sections. 
7.2.1 Chemicals and reagents  
HPLC grade methanol was purchased from VWR (Tingalpa, QLD, Australia). Food 
grade carbon dioxide for SFC separations was purchased from Coregas (Yenorra, 
NSW, Australia) 
7.2.1 Columns 
The column used in this study was a Kinetex 5 µm C18 100Å LC column 50 × 2.1 
mm purchased from Phenomenex Australia (Lane Cove West, NSW, Australia) 
7.2.2 Instrumentation  
Supercritical Fluid Chromatography (SFC) was performed on an Agilent 1260 
Infinity Analytical SFC System, utilizing a Fusion A5 (G4301A) SFC system and a 
HPLC-SFC binary pump (G4302A). Temperature, when controlled, was done pre 
and post column using an Agilent Column compartment (G1316C). Data was 
collected using Chemstation software. 
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7.3 Results and discussion 
7.3.1 Thermal effects at various flow rates 
The initial studies into thermal heating effects in SFC relate to observations made 
using flow rate as a variable, assuming constant mobile phase composition. In the 
method used here, the column was monitored at various flow rates starting at 0 
mL/min and increasing by 1 mL/min increments initiated every 5 minutes, reaching a 
maximum flow rate of 5 mL/min (which is the limit of the system). Temperature and 
backpressure were kept constant and set to a value of 35°C and 100 bar respectively. 
Each increase in flow rate corresponded to an increase in pressure drop over the 
column, which is calculated as the pump pressure minus the backpressure. Figure 7.1 
shows a plot of the change in average column temperature (ΔTcolumn) as a function of 
flow rate, where the temperature at 0 mL/min is set to zero. 
 
 
Figure 7.1: ΔTcolumn versus flow rate at 35 °C and 100 bar.  
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This suggests that while the increase in flow rate and pressure drop leads to a greater 
degree of heating due to viscous friction, there is also a competing cooling effect due 
to adiabatic expansion, which slows down the rate of heating and this is more 
apparent above 2 mL/min. 
The data in Figure 7.2 shows the difference in temperature between points 
E.In and E.Out (ΔTA) as a function of flow rate (section 5.2.2 definition of terms). 
The introduction of flow in all cases immediately generates a temperature gradient 
along the columns axis. However, unlike HPLC where there was a temperature 
increase from inlet to outlet (i.e., positive ΔTA), the reverse occurs in SFC and ΔTA 
decreases and is thus negative. The relationship between ΔTA and flow rate was not 
monotonic, rather a minimum was observed at around 3 to 4 mL/min, after which Δ
TA marginally increased.  
 
 
Figure 7.2: ΔTA versus flow rate at 35 °C and 100 bar. 
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was set to zero at 0 mL/min. As flow rate increased the temperature at both the inlet 
and the outlet of the column, i.e., E.In and E.Out respectively, increased 
continuously (hence ΔTP increased at both points), but with a point of discontinuity 
in both cases at 2 mL/min. Prior to 2 mL/min, the rate of heating at the outlet was 
slower than at the inlet. Hence explaining the negative value of ΔTA in Figure 7.2, 
but after 2 mL/min, the rate of heating at the outlet and inlet were almost equivalent 
(recall, ΔTA is the difference in the temperature between the inlet and outlet of the 
column). This data, therefore, suggests, that at least within the experimental limits of 
this study, there is a point where any increase in heating due to an increase in 
pressure drop is cancelled out by a proportional increase in cooling yielding a 
relatively constant ΔTA. 
 
 
Figure 7.3: ΔTP versus flow rate at 35 °C and 100 bar for points E.In and E.Out. 
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rate method employed in section 7.3.1. The back pressure was set to 100 bar. In 
Figure 7.4a ΔTcolumn was plotted as a function of flow rate, for each mobile phase 
temperature. Details of the mobile phase temperature at 35°C were discussed in 
section 7.3.1, so the following discussion relates to comparisons between 35°C and 
45°C. The trend in the change in average column temperature as a function of flow 
rate in both cases was very similar, with the most substantial difference being the 
greater heating effect observed at 45 °C. At both 35°C and 45°C discontinuity was 
observed at 2 mL/min. In contrast, when the mobile phase temperature was at 
ambient there was an initial increase in ΔTcolumn up to 1 mL/min, after which Δ
Tcolumn decreased slightly as the flow rate increased from 1 mL/min to 3 mL/min, 
then trended slightly upwards beyond 4 mL/min flow rate. The plot in Figure 7.4b 
shows this effect more clearly. This is an indication that both viscous frictional 
heating and cooling due to adiabatic expansion are occurring simultaneously and 
competitively.  
Irrespective of the mobile phase temperature, as the flow rate increased, the 
temperature at the column inlet and at the column outlet increased, and the outlet was 
always cooler than the column inlet, i.e., E.In > E.Out. More specifically, when the 
mobile phase was heated to 45°C, the relationship between TP (at E.In and E.Out) 
was a 2-fold scalable entity as that observed at 35°C (see Figure 7.3 and 7.5a). In 
contrast when the mobile phase temperature was at ambient the magnitude of the 
temperature change at the inlet and at the outlet were less substantial, and further, at 
both the inlet and at the outlet, the change in temperature as the flow rate increased 
was not monotonically increasing, although, TP was always positive at each flow 
rate tested (hence all flow rates used resulted in heating of the column at both the 
inlet and at the outlet) – see Figure 7.5b.  
Additionally, the relationship between column pressure and flow rate were 
perfectly coincident, as shown in Figure 7.6.  This suggests that the rate of heating 
due to viscous friction and the rate of cooling due to adiabatic expansion at any flow 
rate is the same for all three temperature conditions. However, each condition differs 
in the magnitude and trend of associated with the average column temperature 
change and axial gradient from the column inlet to the column outlet. This indicates 
that the different outcomes observed between each of the separate temperature 
95 
conditions have more do with the differences in mobile phase temperature than 
differences in pressure drop over the column. 
 
 
 
 
 
 
 
 
 
Figure 7.4: a) ΔTcolumn versus flow rate for ambient, 35 °C and 45 °C temperature 
conditions and b) ΔTcolumn versus flow rate for the ambient temperature condition. 
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Figure 7.5: ΔTP versus flow rate for a) 45 °C and b) ambient at 100 bar for points 
E.In and E.Out. 
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Figure 7.6: Pressure drop versus flow rate for not controlled, 35 °C and 45 °C 
temperature conditions. 
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Figure 7.7: ΔTcolumn versus flow rate for 100 bar and 200 bar backpressure 
conditions. 
 
 
Figure 7.8: ΔTA versus flow rate for 100 bar and 200 bar backpressure conditions. 
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approximately 36% that of the outlet at 200 bar beyond the flow rate of 2 mL/min.  
This suggests that the elevated backpressure reduces the amount of adiabatic cooling 
towards the outlet of the column and that the effect is most dramatic as the flow rate 
increases beyond 2 mL/min.  
 
 
Figure 7.9: ΔTp versus flow rate at E.In and E.Out for 100 bar and 200 bar 
backpressure conditions.  
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increasing flow rate. The rate at which the temperature increased was higher 
when the flow rates were less than 2 mL/min. Beyond 2 mL/min competing 
adiabatic cooling impeded the rate of column heating due to viscous friction.  
2. When the mobile phase was heated the temperature of the column increased; 
the greater the heat applied to the mobile phase, the higher the column 
temperature. However, while all regions of the column experienced an 
increase in temperature as the mobile phase temperature increased, the 
resulting gradient in the temperature from the column inlet to the column 
inlet also increased.  This observation was strictly a result of the application 
of heat to the mobile phase because the pressure drop along the column 
remained constant, irrespective of the mobile phase temperature.  
3. Increasing the column backpressure from 100 bar to 200 bar slightly 
increased the pressure drop across the column. However, the increase in back 
pressure resulted in a decrease in the temperature gradient from the column 
inlet to the column outlet, especially at flow rates above 2 mL/min. This 
perhaps suggests that the increase in backpressure causes the mobile phase to 
behave more like a liquid and reduces the potential for cooling due to 
adiabatic expansion.  
The conclusions drawn here are only a preliminary analysis of viscous thermal 
effects in SFC. A brief series of experiments were undertaken where particle size 
was varied, and it was apparent from these preliminary studies that the increased 
flow resistivity due to a reduction in the particle size greatly affected the 
resulting competition between viscous frictional heating and the adiabatic 
expansion. As these results were preliminary, they have not been included in this 
work, but they will no doubt form the basis of continued research.  
A factor that is nevertheless apparent from this work is that thermal effects in 
SFC conditions are complex, more so than in HPLC due to the numerous 
variables that affect the SFC conditions. This serves as a reminder that the SFC 
road ahead, towards faster chromatographic techniques, is plagued with 
uncertainties.  However, regardless of these complexities the advantages of the 
use of SFC in the minimisation of viscous frictional heating still stand as the 
gradients across the columns axis are typically less than what is seen in HPLC, 
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granted the system pressure and flow rate limitations in this chapter are much 
lower than the system limitations in previous chapters. 
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8.1 Introduction 
Heterogeneous radial fluid flow through packed chromatographic beds is well known 
and understood [93, 95-101]. Since the first development of the HPLC column 
researchers have known that the variation in the packing density of particles from the 
column radial centre to the column wall results in differential flow across the radial 
cross section of the column [93, 95-101]. Generally, it is known that the flow 
velocity is higher in the radial central region of the bed, being relatively uniform for 
perhaps two thirds of the column internal cross section, but then decreasing as the 
wall region is approached. The specific aspects of this flow heterogeneity as a result 
of the column packing heterogeneity was described in considerable detail by 
Shalliker et al. [101] and later verified by Tallerak et al. [133].  
However, the variation in the packing density associated with wall effects is 
just one contributing factor to radial flow heterogeneity through HPLC columns. 
Operational factors can also lead to heterogeneous fluid flow. For example, it is also 
well known that as the pressure and the flow velocity inside the column increases, 
especially for UHPLC-type conditions where small particles dominate, thermal 
heating effects influence flow [16, 61, 64, 65, 108]. Here, the column temperature is 
generally highest in the radial central region of the bed, cooling radially outwards as 
the heat leaves the column. This radial temperature profile results in two factors that 
contribute to variability in the flow velocity of solutes carried by the mobile phase: 
Firstly, the mobile phase viscosity decreases as temperature increases and this results 
in less resistance to flow in the central region of the bed where the temperature is 
highest. Secondly, as temperature increases this affects the magnitude of retention 
factors with increased solute dispersion in the mobile phase compared to that of the 
stationary phase, hence retention decreases. So, both of these phenomena contribute 
to solutes migrating fastest in the central zone of the column.   
Another temperature-related phenomenon that can result in radial flow 
variation of the solute zone in HPLC columns results from a thermal mismatch 
between the incoming mobile phase and the column itself. This type of effect is 
generally observed when operational factors dictate that the column temperature is 
elevated through the use of a column heater, but little consideration is paid to the pre-
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temperature equilibration of the incoming mobile phase. A detailed description of 
this type of heterogeneous fluid flow was described by Walcott et al. [134].  
While radial flow heterogeneity can originate from a number of sources the 
outcome is the same that being a severe loss in column performance as the solute 
band propagates down the column in a parabolic fashion broadening the shape of the 
peak at the detector. Given the depth of knowledge that has been acquired relating to 
flow heterogeneity in packed beds it is surprising that to date, there is no effective 
commercially available solution to the problem because this could greatly improve 
the efficiency of chromatography columns. However, a novel type of 
chromatography column, referred to as Active Flow Technology (AFT) was 
prototyped and tested in considerable detail by Shalliker et al.[87-94, 102-104], in 
which the radial central region of the fluid flow is separated from the radial wall 
region of the flow removing or minimising the effects of heterogeneous flow at the 
wall of the column. A clear outcome of the use of AFT columns was that as the flow 
velocity through the column increased the gains in efficiency of the AFT column 
compared to conventional columns increases [94]. In fact, in one study an AFT 
column packed with 5 µm particles outperformed a conventional column packed 
with 1.9 µm particles, both with respect to the efficiency and speed [94]. However, 
while this may be the case, work shown in this thesis specifically chapters 3 and 4 
suggest that operation at high flow velocity increases the likely hood of unwanted 
thermal effects due to viscous frictional heating.  
In the previous chapter the viability of the use of a supercritical/ subcritical 
mobile phase with it lower viscosity as a potential means to minimise heating effects 
were explored. While in practice the solution is not as straightforward as expected, 
the overall degree of axial heating variations with SFC is less compared to either 
HPLC or UHPLC. The possibility of utilising even higher flow rates than the current 
maximums for HPLC/ UHPLC promoted the investigation of AFT under SFC 
conditions.  
At the onset of this study, however, successful application of AFT under SFC 
conditions was met with skepticism, as work conducted by Gritti et al. [135] showed 
that efficiency gains in AFT in HPLC were limited by column length, with highest 
gains being observed on shorter, rather than longer columns. In longer columns 
solutes would eventually disperse to the wall, irrespective of their flow path of origin 
into the column, and once that had occurred, the benefits of AFT were substantially 
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moderated. As such gains in efficiency through the adaption of the AFT observed in 
HPLC may not be realised in SFC environments because diffusion in the lower 
viscosity mobile phases employed in SFC would lead to more rapid solute transport 
to the wall and subsequent decay of the benefits associated with the radial flow 
splitting process.  
Additionally, a basic problem lies in how to tune an AFT column in SFC 
environments? The process is simple in HPLC, but maintaining constant back-
pressure regulation in SFC while radially splitting the flow is fraught with difficulty 
and limited by current standards of SFC instrumentation. The purpose of this chapter, 
therefore, was to implement AFT columns in an SFC environment in order to: assess 
the limitations of current instrumentation with regards to tuning AFT parameters and 
evaluate the gains (if any) to the use of AFT in SFC. 
8.2 Method 
8.2.1 Chemicals  
CO2 was pressurised in-house and was delivered to the system at 100 bar. LC/MS 
grade acetonitrile was used as an organic modifier and was purchased from Fisher 
Chemical (Fair Lawn, NJ, USA). Vitamin D3 standard purchased from Supelco 
(Bellefonte, PA, USA) and was prepared as an injectable sample by dissolving in 
MeCN at a concentration of 1 mg/mL. 
8.2.2 Columns 
Conventional SFC separations were performed on a 50 × 4.6 mm Thermo Scientific 
HyPURITYTM C18 HPLC column packed with 3 µm particles. AFT-SFC separations 
were also performed on a 50 × 4.6 mm Thermo Scientific HyPURITYTM C18 HPLC 
column packed with 3 µm particles that had been converted to an AFT column by 
replacing the outlet frit and end fitting with a 2-port AFT end fitting and 3-section 
frit [89, 92]. 
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8.2.3 Instrumentation 
Conventional SFC separations were conducted on a Shimadzu Nexera UC 
Supercritical Fluid Chromatography system utilizing a CO2 solvent delivery unit 
(LC-30ADSF) with a supercritical fluid back pressure regulator (BPR) unit (LC-30A). 
Supercritical CO2 modifiers were introduced into the solvent stream using a solvent 
delivery unit (LC-20ADXR) and samples were injected via an autosampler (SIL-
30AC). UV-Vis data was collected with a photodiode array detector (SPD-M20A) 
and all components were connected to a desktop computer via a system controller 
(CBM-20A). When AFT-SFC separations were conducted an additional supercritical 
fluid BPR was added to facilitate radial flow splitting.  All data was collected and 
processed on LabSolutions software.  
8.2.4 Method 
Conventional SFC separations were conducted at a back pressure of 160 bar using a 
70:30 CO2: MeCN mobile phase flowing at 3.5 mL/min. Sample injections (2 µL) 
were made in triplicate and monitored at a wavelength of 260 nm. AFT separations 
utilised the same mobile phase, injection and detection conditions, however, a second 
BPR unit was connected to the peripheral port, where a pressure differential was 
applied between the central port and peripheral port BPRs allowing for radial flow 
segmentation. Details of the individual BPR settings used in AFT separations are 
given in Table 8.1. An important aspect of this experiment was the ability to 
independently control two BPRs and this was the significant advantage offered by 
the Shimadzu Nexera UC SFC system. 
Table 8.1: Central port and peripheral port BPR setting for AFT-SFC runs. 
AFT Run Central BPR (bar) Peripheral BPR (bar) 
AFT 1 160 160 
AFT 2 165 160 
AFT 3 175 160 
AFT 4 155 160 
AFT 5 160 155 
AFT 6 160 140 
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8.3 Results and discussion 
While AFT columns are simple to operate in HPLC, where flow ratios 
between the radial central region and the wall region of the column can be easily 
controlled by adjusting the relative pressure drop across the different outlet ports of 
the AFT column [90-92, 94, 103], this is not possible for operation in SFC. This is 
because the mobile phase in SFC is generally a mixture of supercritical or near-
supercritical CO2 and a modifier, such as methanol or MeCN. As the temperature 
and pressure of the near- or supercritical CO2 and modifier increase, the viscosity 
decreases, but the density increases. Therefore, measuring the exact volume of the 
mobile phase is difficult and it is for this reason that experienced users of SFC rely 
instead on the mass flow of the SFC mobile phase. But control of the split flow 
concept in the AFT columns to-date has been obtained using a pressure differential 
across the various outlet ports of the AFT column. In HPLC this causes no 
operational problems, but in SFC, this may potentially influence the actual mass 
transport of the mobile phase and/or the flow velocity.  
Due to the limitations of current SFC instrumentation in the present study, the 
flow velocities through the radial central exit port and the peripheral exit ports were 
not measured.  Rather, we controlled the flow ratio through the adjustment of the 
pressure at each respective outlet port using two independently-controlled back 
pressure regulators (one on the peripheral exit port, the other on the radial central 
exit port). The results are reported on this basis, e.g., the efficiency of the observed 
solute transport as a function of the applied pressure differential across the respective 
radial central flow port and the peripheral flow port. To relate this to previous work, 
the condition where both BPRs are set to the same value in AFT-SFC would be 
equivalent to 50% segmentation ratio in AFT-HPLC. Mass transport information 
would give better quantification on efficiency, but the outcomes from this 
preliminary study are important and highlight the need to develop a system that 
could enable more detailed measurements and allow for proper tuning of the AFT 
column under SFC condition. 
The illustration in Figure 8.1 details the experimental setup of the SFC unit 
when either a) a conventional column or b) an AFT column was employed. The 
difference between these two systems is the pressure control at the outlet(s) of the 
columns. The AFT column was prepared by removing the outlet end fitting and frit 
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of a conventional column and replacing it with an AFT frit and AFT end fitting. This 
is a difficult task that can result in damage to the exposed bed during the changeover 
and is thus recommended only for those experienced with this process. One question 
that subsequently arises in studies of this nature is: what damage might be done to 
the column by swapping the conventional frit with an AFT frit and then reassembling 
the end fitting? 
 
Figure 8.1: Instrumental set-up for a) the conventional and b) the AFT modes of 
operation. Note the additional BPR in use for the AFT mode of operation. Both 
BPRs were independently controlled. 
 
The answer is that if there is any damage, this results in a moderation of observed 
gains in separation performance as a result of the AFT conversion. Therefore the 
outcomes obtained reflect the minimal observable gain in separation performance, 
with the experimental design favouring the conventional column technology rather 
than the AFT technology.  
Studies utilising AFT in HPLC have shown that the efficiency of the 
separation can be tuned by adjusting the ratio of mobile phase eluting from the radial 
central exit port and the peripheral port. Maximum efficiency is obtained by 
balancing the gains associated with the removal of wall effects, and the contribution 
to extra-column band broadening. In essence, as the amount of mobile phase leaving 
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the column via the radial central exit port decreases (hence the volume of an eluting 
band decreases), the higher the efficiency, but as this volume decreases the extra post 
column tubing makes a proportionally higher contribution to the peak volume. Hence 
there is an optimum efficiency, which is in part dictated by the HPLC system itself. 
The efficiency of the chromatographic process was measured as a function of various 
ratios of radial central flow: peripheral flow.  In these SFC experiments,  to be 
consistent with studies in HPLC, most experiments were conducted using conditions 
that resulted in a lower proportion of flow exiting the column from the radial central 
exit port compared to the peripheral port of the column [92]. 
The test solute utilised in this study was Vitamin D3, retained with a retention 
factor (k) of ~ 3.6 - 3.9.  The chromatographic profiles of all analyses (conventional 
and AFT conditions) are shown in Figure 8.2a, and these illustrate how the efficiency 
changed as a function of the radial to peripheral flow stream ratio. Each of the 
elution profiles has been normalised with respect to peak height and retention time in 
order to simplify the visual comparison. Small changes in peak height were apparent 
between each of the experimental conditions, but these were relatively minor. 
Likewise, small changes in retention time were typically observed between 3 to 13% 
relative to the retention time observed on the conventional column. Note the figure 
complexity is such that it is difficult to differentiate any one specific set of conditions.  
It is important to realise that all AFT conditions resulted in a reduction in the 
peak width. Nevertheless, the profile labelled as (a) and plotted in a black bold line 
in Figure 8.2a is the profile obtained on a conventional column. In comparison, all 
modes of operation that utilised the AFT column showed reduced peak tailing and 
thus higher efficiency than the conventional column. For clarity, the 
chromatographic peak profile of one AFT condition (AFT 1) is compared to the 
profile obtained on the conventional column in Figure 8.2b. Here it is easily seen that 
the peak tailing in AFT mode is substantially reduced.  Measurement of the 
efficiency gain obtained using the half height method showed improvements up to 
13% - relatively moderate improvement.  
However, when the peak tailing was taken into consideration, gains in 
efficiency by as much as 45% were obtained. This illustrates that there is a quite 
substantial degree of radial distortion of the elution profile during the transport of the 
solute under SFC conditions and that the extent of the distortion is improved by 
removal of the wall portion of the mobile phase flow stream. The gains in efficiency 
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at the various flow segmentation ratios where N is measured using both ½ height and 
Exponentially Modified Gaussian method (EMG) are illustrated in Figure 8.3a and b 
respectively. 
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Figure 8.2: Normalised band profiles for Vitamin D3 eluting under a) various 
conditions of conventional operation and AFT modes of operation and b) using a 
conventional mode of operation and AFT 1 mode of operation. 
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Figure 8.3: Relative change in efficiency as a function of the AFT mode of 
operation. N determined by the method of a) half height and b) of EMG. 
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8.4 Concluding remarks 
Active flow technology columns were employed to separate the wall flow 
region from the central radial flow region of a column operating under SFC 
conditions. Subsequently, only the central radial flow portion of the eluting band was 
passed through the detector. The ratio of the wall flow to the radial central flow was 
controlled through the use of two independent backpressure regulators located on 
each of the peripheral and radial central exit ports of the AFT column. The tunning 
of the AFT columns with the current instrument format is limited use due to the 
inability to measure and precisely control the mass flow rate through the peripheral 
and central ports. However unitising a pressure differential between the two 
independent backpressure regulators, under the optimal conditions tested in this 
study, gains in efficiency of up to 45% were obtained when theoretical plates were 
measured using the second moment method.  
Since the work conducted in this chapter was preliminary and used as a proof 
of concept - no optimisation of the flow velocity through the column or variations in 
the state of the fluid phase were undertaken to improve efficiency and these are the 
focus of continuing work. Nevertheless, gains in efficiency were observed in SFC 
separations using AFT columns, which was contrary to the initial hypothesis. As 
such future studies are worthy of investigation in order to optimise the potential 
benefits of radial flow stream splitting in SFC. 
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Chapter 9: Conclusion 
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This thesis examined optimisation of factors leading to faster separations in 
chromatography, one path focused at the very limits of operation in modern UHPLC, 
specifically investigating heating effects associated with using high flow rates at the 
pressure limit. The other path was focused on separations in the less predictable 
world of SFC. Another aim of the thesis was to give insight on the roads ahead and 
provide an outlook on potential future directions. 
The case for each separation platform was presented in the first experimental 
chapter in this thesis Chapter 3, which studied the chiral separations of  D- and L- 
FMOC-amino acids using normal phase HPLC, reversed phase HPLC and SFC. The 
selectivity in each of the systems was studied, with an evaluation of the speed 
attainable, the resolution, the economic cost and the environmental impact. SFC in 
terms of selectivity between enantiomer pairs was more closely related to NPHPLC 
than RPHPLC, however, in terms of global retention (i.e., pooled data based on all 
enantiomers)  
SFC behaved as a sort of middle ground between RPHPLC and NPHPLC. 
Chromatographic performance on the basis of resolution and speed between 
RPHPLC and SFC indicated that RPHPLC gave the best resolution overall, however, 
SFC being able to operate at higher flow rates with minimum pressure drop yielded 
the fastest analysis times. The superior resolving power of RPHPLC, however, 
allowed for the sacrifice of resolution in the interest if gaining speed, the results in 
the end raising the question of the apparent advantages of SFC. Increasing the 
concentration of formic acid additive in the SFC mobile phase, however, yielded 
comparable resolutions to RPHPLC at faster run times. Highlighting both the 
potential gains in the use of supercritical mobile phases as well as its unpredictability. 
Moreover, it was concluded that since the bulk of the SFC mobile phase is comprised 
of supercritical CO2 there was a significant reduction in liquid solvent consumption 
and by extension, lower consumable costs and environmental impact with regards to 
toxicity and waste management.  
In Chapter 4 the limitations of high pressure and velocity in HPLC/UHPLC 
were explored; specifically the formation of axial temperature gradients due to 
viscous frictional heating. This was done for the first time with the use of an infrared 
camera allowing for temperature measurements to be taken without the need to 
attach thermocouples to the surface of the column. The use of the infrared camera 
also allowed for the visualisation of dynamic heat exchange process across the entire 
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column length, that otherwise could not have been observed using previously 
established point-to-point methods. For example the contributions of bulky end 
fittings in masking the observable heat generation on the column surface. Moreover, 
it was observed that when operated at Pmax the magnitude of heating and the 
difference between the temperature at the inlet and outlet is dependent on the flow 
velocity, which in turn is determined by the viscosity of the mobile phase. That is not 
to suggest that the column pressure drop has no effect on the observed heating as 
increasing pressure drop resulted in an overall increase in column temperature. 
Additionally, in the comparison of equivalent flow rates, the condition operating at a 
higher-pressure drop will yield the greatest difference in temperature from inlet to 
outlet. 
The observation of viscous frictional heating with an infrared camera was 
continued in Chapter 5. However, here solvents of different type and compositions 
with water were considered. The results showed that at equivalent power, 
compositions with a higher percentage of water lead to a larger temperature 
difference between points E.in and E.Out (ΔTA) along the columns axis, i.e., the 
temperature gradient was steeper.  
The change in temperature of E.in and E.out (ΔTP) with increasing power 
was observed individually to find that both points increased in temperature but at 
different rates (E.out increasing faster than E.in). The profile of these plots revealed 
that the relationship between ΔTP and power was not linear, deviating at higher 
power. The degree of this deviation depended on what point was observed along the 
column axis as well what solvent and composition was used.  
Additionally, it was found that the rate of heat transfer through to the column 
end fitting was also solvent dependent. As water showed a higher rate of heat 
transfer to the end fitting compared to MeOH and MeCN, seen in the differences in 
their temperature profiles. Monitoring this part of the column showed that after a 
period of time at a fixed flow rate the shape of the temperature profile along the 
columns axis remained constant, even if the column continued to heat. Indicating that 
a thermal equilibrium between heat generation and heat transfer to the stainless steel 
surface was established.  
Video evidence also suggested that disturbing this equilibrium i.e. with a 
change in flow rate will momentarily change the shape of the axial temperature 
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profile, returning to the original profile once the equilibrium is re-established albeit 
at a higher or lower overall temperature depending on the direction of the flow rate 
change. 
In Chapter 6 thermography was used to observe the thermal changes during a 
gradient elution method under high pressure and constant flow rate, which is more in 
line with industrial high throughput applications. Continuous method cycles were 
conducted and monitored over a period of 500 minutes, allowing the determination 
and assessment of both long-term thermal changes and short-term changes within a 
single gradient cycle.  
Observation of average column temperature of each cycle over the 500 
minutes revealed that during the first 15 – 25 cycles the average column temperature 
increased with each successive run. Over the remaining cycles, however, the average 
column temperature either stayed more or less constant if the re-equilibration was in 
the order of five column volumes or, if the re-equilibration was in the order of two-
column volumes the temperature was observed to continually decrease. Since the 
loss was accumulative the magnitude was dependent on the number of cycles 
conducted as shown when comparing the overall loss in temperature of a method 
completing 60 cycles over 500 minutes versus a method completing 160 cycles over 
500 minutes, the latter showing a more obvious loss in temperature. Changes in 
average column temperature and differences between inlet and out temperatures 
within a cycle depended largely on the magnitude of the pressure change within the 
gradient method. The shallower gradient method 1 with traditional re-equilibration 
times experienced a greater pressure change within a cycle than the faster, steeper 
gradient method 2 utilising a minimised re-equilibration period. As a result, the 
“shorter” gradient method showed a relatively smaller change in average column 
temperature and difference between inlet and out temperature.  
SFC in recent years has gained a lot of attention in chromatography due to a 
number of potential benefits, one being the lower viscosity of supercritical mobile 
phase leading to a reduction in pressure drop and therefore a reduction in heating due 
to viscous friction. It is clear from the results of Chapters 4, 5 and 6 that the 
complexities of heat exchanges occurring within the column can be visualised with 
thermography and reveals information that would otherwise not be obtainable using 
previous point to point methods. Hence in Chapter 7, the thermal effects of operating 
a particle packed column under SFC conditions were observed using the developed 
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infrared thermography. The observations showed that under SFC conditions the 
temperature gradient along the column axis decreased from inlet to outlet as opposed 
to increasing as was the case HPLC/ UHPLC. The magnitude of this temperature 
difference was dependent on the outcome of two competing thermal phenomena i.e. 
heating due to viscous friction and cooling due to adiabatic expansion. A number of 
experiments were conducted where system parameters were changed and the 
resulting thermal effect on the column was observed to determine how these changes 
affected the two competing thermal phenomena, specifically evaluating at flow rate 
related effects, mobile phase temperature control and system backpressure. The 
conclusions drawn in Chapter 7 were only a glimpse of the complexities of the 
thermal effects of operating a column under SFC conditions and serve as a reminder 
that the SFC road ahead towards faster chromatographic techniques is plagued with 
uncertainties.  However, regardless of these complexities the advantages of the use of 
SFC in the minimisation of viscous frictional heating still stand as the thermal 
gradients across the column axis were typically less than what was seen in HPLC, 
granted the system pressure and flow rate limitations in this chapter were much 
lower than those explored in Chapters 4 to 6, but that is an advantage afforded to 
SFC since the viscosities of the fluids are greatly reduced. 
AFT columns showed significant gains in performance compared to a 
conventional column of the same particle size and dimension, particularly when 
operating at high velocity. In the same way that UHPLC adopted the benefits of 
core-shell technology or vice versa to obtain better performance; Chapter 8 explored 
the potential of AFT columns in PSF mode in an SFC environment. At the onset of 
the investigation, it was considered that the high diffusion rates of the SFC mobile 
phase would ultimately nullify the potential advantages. However, utilising the 
pressure differential between two independent backpressure regulators, under the 
optimal conditions tested in this study, gains in efficiency of up to 45% were 
obtained when theoretical plates were measured using the second moment method.  
The work conducted in Chapter 8 were preliminary and used as a proof of 
concept - no optimisation of the flow velocity through the column or variations in the 
state of the fluid phase were undertaken to improve efficiency and these are the focus 
of continuing work. Nevertheless, gains in efficiency were observed in SFC 
separations using AFT columns, which was contrary to our initial hypothesis. As 
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such future studies are worthy of investigation in order to optimise the potential 
benefits of radial flow stream splitting in SFC.   
This thesis set out to explore two roads towards faster chromatography, one 
at the limits of HPLC/ UHPLC and the other at the mercy of SFC unpredictability. 
Presently HPLC/ UHLPLC may be the path that is most likely followed as it is 
familiar and has shown in some cases to provide even better performance than SFC 
at comparable speeds. However, the additional speed and minimisation of cost and 
environmental impact at nearly the same performance as HPLC make SFC hard to 
ignore.  
Continuing developments in the reduction of particle size and increasing 
system pressures in the hope to mimic these speeds and increase performance are 
faced with limitations of viscous frictional heating, which even at the current 
smallest particle size and column and system limitations have been shown to be 
significant.  
The adoption of a supercritical or subcritical mobile phase may extend these 
limitations through reduction of viscosity and pressure drop over the column. 
However, the compressibility of the super/sub-critical mobile phase adds the variable 
of cooling due to adiabatic expansion. Although this may lead to a scenario where 
both phenomena cancel each other out, the circumstance when this occurs might only 
be achieved by chance and may not line up with the conditions that yield the best 
performance or highest speed. Hence the thermal effects while minimised in SFC are 
unavoidable in either separation platform. Fortunately, the use of infrared cameras in 
this thesis enables further exploration of these effects, providing more 
comprehensive information on the dynamic heat exchange process with greater 
experimental ease than previously published methods.  
Application of AFT columns in SFC has the potential to eliminate problems 
associated with the radial heat effects and radial flow heterogeneity as they have 
done previously in LC. However with the lack of control and ability to effectively 
monitor mass flow streams in current SFC instrumentation the proper optimisation of 
AFT columns in these environments is not possible and is, therefore, a topic warrant 
for further development and discussion. 
  
118 
References  
[1] F. Erni, J. Chromatogr. A, 1990, 507, 141-149. 
[2] A. Brandt, S. Kueppers, and R.E. Majors, LC-GC North America, 2002, 20, 
14. 
[3] F. Bailey, J. Chromatogr. A, 1976, 122, 73-84. 
[4] B.B. Wheals and I. Jane, Analyst, 1977, 102, 625-644. 
[5] H. Poppe, J. Chromatogr. A, 1997, 778, 3-21. 
[6] A.P. Schellinger, D.R. Stoll, and P.W. Carr, J. Chromatogr. A, 2005, 1064, 
143-156. 
[7] P.W. Carr, D.R. Stoll, and X. Wang, Anal. Chem., 2011, 83, 1890-900. 
[8] S. Fekete, J.L. Veuthey, and D. Guillarme, J. Chromatogr. A, 2015, 1408, 1-
14. 
[9] R. Endele, I. Halász, and K. Unger, J. Chromatogr. A, 1974, 99, 377-393. 
[10] J.R. Mazzeo, U. D.Neue, M. Kele, and R.S. Plumb, Anal. Chem., 2005, 77, 
460 A-467 A. 
[11] G. Guiochon, J. Chromatogr. A, 2006, 1126, 6-49. 
[12] I. Halász, R. Endele, and J. Asshauer, J. Chromatogr. A, 1975, 112, 37-60. 
[13] H. Poppe, J.C. Kraak, J.F.K. Huber, and J.H.M. van den Berg, 
Chromatographia, 1981, 14, 515-523. 
[14] F. Gritti and G. Guiochon, J. Chromatogr. A, 2006, 1131, 151-65. 
[15] F. Gritti and G. Guiochon, J. Chromatogr. A, 2007, 1138, 141-57. 
[16] A. de Villiers, H. Lauer, R. Szucs, S. Goodall, and P. Sandra, J. Chromatogr. 
A, 2006, 1113, 84-91. 
[17] K. Broeckhoven and G. Desmet, Trends in Analytical Chemistry, 2014, 63, 
65-75. 
[18] A. de Villiers, F. Lestremau, R. Szucs, S. Gelebart, F. David, and P. Sandra, J. 
Chromatogr. A, 2006, 1127, 60-9. 
[19] R.E. Majors, LC GC N. Am, 2005, 23, 1248-1255. 
[20] L. Novakova, L. Matysova, and P. Solich, Talanta, 2006, 68, 908-18. 
[21] N. Wu and A.M. Clausen, J. Sep. Sci., 2007, 30, 1167-1182. 
[22] A. Dispas, P. Lebrun, P. Sassiat, E. Ziemons, D. Thiebaut, J. Vial, and P. 
Hubert, J. Chromatogr. A, 2012, 1256, 253-60. 
119 
[23] A. Mohammad, Green Chromatographic Techniques: Separation and 
Purification of Organic and Inorganic Analytes. 2013: Springer Netherlands. 
[24] T. Fornstedt and R.E. Majors, LC-GC North America, 2015, 33, 166-174. 
[25] R. Mukhopadhyay, Anal. Chem., 2008, 80, 3091-3094. 
[26] R.M. Smith, J. Chromatogr. A, 1999, 856, 83-115. 
[27] S.A. Wren and P. Tchelitcheff, J. Chromatogr. A, 2006, 1119, 140-6. 
[28] D. Guillarme, J. Ruta, S. Rudaz, and J.L. Veuthey, Anal Bioanal Chem, 2010, 
397, 1069-82. 
[29] S. Fekete, I. Kohler, S. Rudaz, and D. Guillarme, J. Pharm. Biomed. Anal., 
2014, 87, 105-19. 
[30] S. Fekete, J. Schappler, J.-L. Veuthey, and D. Guillarme, Trends in Analytical 
Chemistry, 2014, 63, 2-13. 
[31] D.T.T. Nguyen, D. Guillarme, S. Rudaz, and J.L. Veuthey, J. Sep. Sci., 2006, 
29, 1836-1848. 
[32] J. Billen, D. Guillarme, S. Rudaz, J.L. Veuthey, H. Ritchie, B. Grady, and G. 
Desmet, J. Chromatogr. A, 2007, 1161, 224-33. 
[33] F. Gritti and G. Guiochon, J. Chromatogr. A, 2011, 1218, 3476-88. 
[34] F. Gritti and G. Guiochon, J. Chromatogr. A, 2012, 1228, 2-19. 
[35] S. Fekete, J. Fekete, and K. Ganzler, J. Pharm. Biomed. Anal., 2009, 49, 64-
71. 
[36] J.J. van Deemter, F.J. Zuiderweg, and A. Klinkenberg, Chem. Eng. Sci., 1956, 
5, 271-289. 
[37] F. Gritti and G. Guiochon, J. Chromatogr. A, 2013, 1302, 1-13. 
[38] A.C. Sanchez, G. Friedlander, S. Fekete, J. Anspach, D. Guillarme, M. Chitty, 
and T. Farkas, J. Chromatogr. A, 2013, 1311, 90-7. 
[39] F. Gritti, C.A. Sanchez, T. Farkas, and G. Guiochon, J. Chromatogr. A, 2010, 
1217, 3000-12. 
[40] J.M. Cunliffe, S.B. Adams‐Hall, and T.D. Maloney, J. Sep. Sci., 2007, 30, 
1214-1223. 
[41] J.E. MacNair, K.C. Lewis, and J.W. Jorgenson, Anal. Chem., 1997, 69, 983-
989. 
[42] A.D. Jerkovich, J.S. Mellors, and J.W. Jorgenson, LC-GC North America, 
2003, 21, 600-610. 
120 
[43] R.E. Majors, X. Wang, P.W. Carr, and D.R. Stoll, LCGC North America, 
2010, 28, 932-943. 
[44] D.R. Stoll, C. Paek, and P.W. Carr, J. Chromatogr. A, 2006, 1137, 153-162. 
[45] D. Guillarme, D.T.T. Nguyen, S. Rudaz, and J.L. Veuthey, European Journal 
of Pharmaceutics and Biopharmaceutics, 2007, 66, 475-482. 
[46] D. Guillarme, D.T.T. Nguyen, S. Rudaz, and J.L. Veuthey, European Journal 
of Pharmaceutics and Biopharmaceutics, 2008, 68, 430-440. 
[47] D. Guillarme, J.L. Veuthey, and V.R. Meyer, LC GC Europe, 2008, 21, 322-
327. 
[48] C. Horvath, J. Chromatogr. Sci., 1969, 7, 109-116. 
[49] S. Fekete and D. Guillarme, J. Chromatogr. A, 2013, 1308, 104-13. 
[50] J.M. Cunliffe and T.D. Maloney, J. Sep. Sci., 2007, 30, 3104-3109. 
[51] S. Fekete, J. Fekete, and K. Ganzler, J. Pharm. Biomed. Anal., 2009, 49, 64-
71. 
[52] D.V. McCalley, J. Chromatogr. A, 2011, 1218, 2887-2897. 
[53] S. Fekete, D. Guillarme, and M.W. Dong, LC-GC Europe, 2014, 27, 312-323. 
[54] G. Guiochon and F. Gritti, J. Chromatogr. A, 2011, 1218, 1915-38. 
[55] X. Wang, W.E. Barber, and W.J. Long, J. Chromatogr. A, 2012, 1228, 72-88. 
[56] F. Gritti and G. Guiochon, Chem. Eng. Sci., 2010, 65, 6310-6319. 
[57] J.P. Grinias, D.S. Keil, and J.W. Jorgenson, J. Chromatogr. A, 2014, 1371, 
261-4. 
[58] F. Gritti, I. Leonardis, J. Abia, and G. Guiochon, J. Chromatogr. A, 2010, 
1217, 3819-43. 
[59] J. Ruta, D. Zurlino, C. Grivel, S. Heinisch, J.L. Veuthey, and D. Guillarme, J. 
Chromatogr. A, 2012, 1228, 221-231. 
[60] B. Bobály, D. Guillarme, and S. Fekete, J. Sep. Sci., 2014, 37, 189-197. 
[61] D.V. McCalley, Trends in Analytical Chemistry, 2014, 63, 31-43. 
[62] M. Martin and G. Guiochon, J. Chromatogr. A, 2005, 1090, 16-38. 
[63] I. Halász, R. Endele, and J. Asshauer, J. Chromatogr. A, 1975, 112, 37-60. 
[64] D. Asberg, M. Chutkowski, M. Lesko, J. Samuelsson, K. Kaczmarski, and T. 
Fornstedt, J. Chromatogr. A, 2017, 1479, 107-120. 
[65] S. Fekete and D. Guillarme, J. Chromatogr. A, 2015, 1393, 73-80. 
[66] N.M. Karayannis, A.H. Corwin, E.W. Baker, E. Klesper, and J.A. Walter, 
Anal. Chem., 1968, 40, 1736-1739. 
121 
[67] E. Klesper, A.H. Corwin, and D.A. Turner, J. Org. Chem., 1962, 27, 700-706. 
[68] S.T. Sie and G.W.A. Rijnders, Separation Science, 1967, 2, 699-727. 
[69] S.T. Sie and G.W.A. Rijnders, Separation Science, 1967, 2, 729-753. 
[70] S.T. Sie and G.W.A. Rijnders, Separation Science, 1967, 2, 755-777. 
[71] S.T. Sie, W. Van Beersum, and G.W.A. Rijnders, Separation Science, 1966, 
1, 459-490. 
[72] T.L. Chezter and J.D. Pinkston, Anal. Chem., 2004, 76, 4606-4613. 
[73] J.C. Giddings, J. Chromatogr. Sci., 1969, 7, 276-283. 
[74] D. Ishii, T. Niwa, K. Ohta, and T. Takeuchi, J. High. Resolut. Chromatogr., 
1988, 11, 800-801. 
[75] E. Lesellier and C. West, J. Chromatogr. A, 2015, 1382, 2-46. 
[76] M. Saito, Journal of Bioscience and Bioengineering, 2013, 115, 590-599. 
[77] W. Majewski, E. Valery, and O. Ludemann‐Hombourger, Journal of Liquid 
Chromatography & Related Technologies, 2005, 28, 1233-1252. 
[78] L.T. Taylor, The Journal of Supercritical Fluids, 2009, 47, 566-573. 
[79] A. Tarafder, Trends in Analytical Chemistry, 2016, 81, 3-10. 
[80] G. Guiochon and A. Tarafder, J. Chromatogr. A, 2011, 1218, 1037-114. 
[81] S. Heinisch and J.L. Rocca, J. Chromatogr. A, 2009, 1216, 642-658. 
[82] D.T.T. Nguyen, D. Guillarme, S. Heinisch, M.P. Barrioulet, J.L. Rocca, S. 
Rudaz, and J.L. Veuthey, J. Chromatogr. A, 2007, 1167, 76-84. 
[83] J.D. Thompson and P.W. Carr, Anal. Chem., 2002, 74, 1017-1023. 
[84] T. Teutenberg, J. Tuerk, M. Holzhauser, and S. Giegold, J. Sep. Sci., 2007, 30, 
1101-1114. 
[85] A. Grand-Guillaume Perrenoud, J.L. Veuthey, and D. Guillarme, J. 
Chromatogr. A, 2012, 1266, 158-67. 
[86] C. Galea, D. Mangelings, and Y. Vander Heyden, Anal. Chim. Acta, 2015, 
886, 1-15. 
[87] M. Camenzuli, H.J. Ritchie, J.R. Ladine, and R.A. Shalliker, J. Liq. 
Chromatogr. Related Technol., 2013, 36, 1379-1390. 
[88] M. Camenzuli, H.J. Ritchie, J.R. Ladine, and R.A. Shalliker, J. Sep. Sci., 
2012, 35, 410-415. 
[89] M. Camenzuli, H.J. Ritchie, J.R. Ladine, and R.A. Shalliker, Analyst, 2011, 
136, 5127-5130. 
122 
[90] M. Camenzuli, H.J. Ritchie, J.R. Ladine, and R.A. Shalliker, J. Chromatogr. 
A, 2012, 1232, 47-51. 
[91] M. Camenzuli, H.J. Ritchie, and R.A. Shalliker, Microchem. J., 2013, 111, 3-
7. 
[92] R.A. Shalliker, M. Camenzuli, L. Pereira, and H.J. Ritchie, J. Chromatogr. A, 
2012, 1262, 64-69. 
[93] R.A. Shalliker and H. Ritchie, J. Chromatogr. A, 2014, 1335, 122-35. 
[94] D. Kocic and R.A. Shalliker, J. Chromatogr. A, 2015, 1421, 60-7. 
[95] J.H. Knox and J.F. Parcher, Anal. Chem., 1969, 41, 1599-1606. 
[96] J.H. Knox, G.R. Laird, and P.A. Raven, J. Chromatogr. A, 1976, 122, 129-
145. 
[97] C.H. Eon, J. Chromatogr. A, 1978, 149, 29-42. 
[98] T. Farkas, J.Q. Chambers, and G. Guiochon, J. Chromatogr. A, 1994, 679, 
231-245. 
[99] T. Farkas, M.J. Sepaniak, and G. Guiochon, J. Chromatogr. A, 1996, 740, 
169-181. 
[100] T. Farkas and G. Guiochon, Anal. Chem., 1997, 69, 4592-4600. 
[101] R.A. Shalliker, B.S. Broyles, and G. Guiochon, Anal. Chem., 2000, 72, 323-
332. 
[102] M. Camenzuli and R.A. Shalliker, LC-GC Europe, 2015, 28, 10-17. 
[103] S. Pravadali-Cekic, D. Kocic, S. Hua, A. Jones, G.R. Dennis, and R.A. 
Shalliker, J Vis Exp, 2015, e53448. 
[104] D. Kocic, W. Farrell, G.R. Dennis, and R.A. Shalliker, Microchem. J., 2016, 
127, 160-164. 
[105] M. Gumustas, S. Kurbanoglu, B. Uslu, and S.A. Ozkan, Chromatographia, 
2013, 76, 1365-1427. 
[106] S. Fekete, E. Oláh, and J. Fekete, J. Chromatogr. A, 2012, 1228, 57-71. 
[107] K.J. Fountain, U.D. Neue, E.S. Grumbach, and D.M. Diehl, J. Chromatogr. A, 
2009, 1216, 5979-88. 
[108] S. Fekete, J. Fekete, and D. Guillarme, J. Chromatogr. A, 2014, 1359, 124-30. 
[109] M. Mnatsakanyan, P.G. Stevenson, D. Shock, X.A. Conlan, T.A. Goodie, 
K.N. Spencer, N.W. Barnett, P.S. Francis, and R.A. Shalliker, Talanta, 2010, 
82, 1349-1357. 
123 
[110] J.A. Blackwell, R.W. Stringham, and J.D. Weckwerth, Anal. Chem., 1997, 69, 
409-415. 
[111] A. Cazenave-Gassiot, R. Boughtflower, J. Caldwell, L. Hitzel, C. Holyoak, S. 
Lane, P. Oakley, F. Pullen, S. Richardson, and G.J. Langley, J. Chromatogr. 
A, 2009, 1216, 6441-50. 
[112] C. Capello, S. Hellweg, B. Badertscher, H. Betschart, and K. Hungerbühler, 
Journal of Industrial Ecology, 2007, 11, 26-38. 
[113] C. Meola, Infrared Thermography : Recent Advances And Future Trends. 
2012, SAIF Zone, UNITED ARAB EMIRATES: Bentham Science 
Publishers. 
[114] C. Meola and G.M. Carlomagno, Meas. Sci. Technol., 2004, 15, 27-58. 
[115] X. P. V. Maldague, Introduction to NDT by active infrared thermography. 
Vol. 60. 2002. 
[116] N.P. Avdelidis and A. Moropoulou, Energy and Buildings, 2003, 35, 663-667. 
[117] A. Moropoulou and N.P. Avdelidis. The role of emissivity in infrared 
thermographic imaging and testing of building and structural materials. in 
Proceedings of SPIE - The International Society for Optical Engineering. 
2002. 
[118] P. Alexa, J. Solař, F. Čmiel, P. Valíček, and M. Kadulová, Journal of 
Building Physics, 2017, 41, 533-546. 
[119] T. Stepinski, T. Uhl, W. Staszewski, T. Stepinski, T. Uhl, and W. Staszewski, 
Advanced Structural Damage Detection : From Theory to Engineering 
Applications. 2013, Somerset, UNITED KINGDOM: John Wiley & Sons, 
Incorporated. 
[120] L.R. Snyder, J.J. Kirkland, and J.W. Dolan, Introduction to Modern Liquid 
Chromatography. 2011: Wiley. 
[121] H.j. Lin and S. Horváth, Chem. Eng. Sci., 1981, 36, 47-55. 
[122] L. Gagliardi, D. De Orsi, L. Manna, and D. Tonelli, J. Liq. Chromatogr. 
Related Technol., 1997, 20, 1797-1808. 
[123] A.P. Schellinger and P.W. Carr, J. Chromatogr. A, 2006, 1109, 253-266. 
[124] P.J. Schoenmakers, Á. Bartha, and H.A.H. Billiet, J. Chromatogr. A, 1991, 
550, 425-447. 
[125] P.J. Shoenmakers, H.A.H. Billiet, and L. De Galan, J. Chromatogr. A, 1979, 
185, 179-195. 
124 
[126] L.R. Snyder, Chromatographic Reviews, 1965, 7, 1-51. 
[127] L.R. Snyder and J.W. Dolan, Adv. Chromatogr., 1998, 38, 115-185. 
[128] K. Broeckhoven, M. Verstraeten, K. Choikhet, M. Dittmann, K. Witt, and G. 
Desmet, J. Chromatogr. A, 2011, 1218, 1153-1169. 
[129] F. Gritti and G. Guiochon, J. Chromatogr. A, 2012, 1253, 71-82. 
[130] F. Gritti and G. Guiochon, J. Chromatogr. A, 2013, 1289, 1-12. 
[131] P.J. Schoenmakers, P.E. Rothfusz, and F.C.C.J.G. Verhoeven, J. Chromatogr. 
A, 1987, 395, 91-110. 
[132] D.P. Poe, D. Veit, M. Ranger, K. Kaczmarski, A. Tarafder, and G. Guiochon, 
J. Chromatogr. A, 2012, 1250, 105-14. 
[133] U. Tallarek, E. Baumeister, K. Albert, E. Bayer, and G. Guiochon, J. 
Chromatogr. A, 1995, 696, 1-18. 
[134] R.G. Wolcott, J.W. Dolan, L.R. Snyder, S.R. Bakalyar, M.A. Arnold, and J.A. 
Nichols, J. Chromatogr. A, 2000, 869, 211-230. 
[135] F. Gritti, J. Pynt, A. Soliven, G.R. Dennis, R.A. Shalliker, and G. Guiochon, 
J. Chromatogr. A, 2014, 1333, 32-44. 
 
